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ABSTRACT 
 
A grand challenge in materials chemistry and physics lies in understanding charge transport, 
chemical reactions, and polymer chain dynamics at the molecular level. In this thesis, I directly 
address these challenges using single molecule techniques. Recent advances in single molecule 
techniques have ushered in a fundamentally new understanding of charge transport at the 
molecular level, which is a crucial step for designing new materials for molecular electronics and 
energy storage applications.  
In Chapter 2, I describe a new anchor-electrode pair for robust and high-conducting covalent 
contacts for molecular junctions using a scanning tunneling microscope-break junction technique 
(STM-BJ). Here, metal-carbon covalent bonds are formed to silver electrodes from unprotected 
terminal acetylene anchors. Single molecule charge transport experiments and molecular 
simulations were performed on a series of arylacetylenes using gold and silver electrodes. Our 
results show that molecular junctions on silver electrodes spontaneously form silver-carbynyl 
carbon (Ag-C) contacts, resulting in a nearly 10-fold increase in conductance compared to the 
same molecules on gold electrodes. Overall, this work presents a simple, new electrode-anchor 
pair that reliably forms molecular junctions with stable and robust contacts useful for molecular 
electronics applications.  
In Chapter 3, the role of quantum interference (QI) on molecular charge transport is 
investigated. Here, we show that oxazole serves as an efficient anchor group to form stable gold-
molecule-gold junctions. Molecular charge transport is studied using conjugated oligomers with 
oxazole anchors, focusing on the role of the heteroatom substitution position in terminal oxazole 
groups. These results reveal QI effects in oxazole-terminated phenylene molecular junctions, 
including destructive QI in meta-substituted phenyl rings and constructive QI in para-substituted 
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phenyl rings containing terminal oxazole groups with the same chemical constitution on both 
termini (i.e. O5O5 (5-oxazolyl) or O4O4 (4-oxazolyl) linkages on both termini). Surprisingly, meta-
substituted phenyl rings with non-equivalent constitutions (i.e. O4O5 oxazole terminal linkages) 
show unexpectedly higher conductance compared to para-substituted analogs. These results 
suggest that charge transport in oxazole-terminated molecules is determined by the heteroatom 
substitution position of the oxazole anchor in addition to the aryl substitution pattern of the pi-
conjugated core. Unexpectedly, these results further show that conjugated molecules with 
homogeneous oxazole linkages obey a quantum circuit rule.  
In Chapter 4, the role of electric fields as ‘smart catalysts’ is studied to understand chemical 
reactions at the molecular level. In particular, we study the charge transport of amine- (NH2) and 
methylthio (SMe)-terminated oligophenyls in nonpolar solvents at different bias voltages. At a low 
bias voltage, the contact resistance of SMe is lower than NH2. However, at a high bias voltage, we 
observe a reverse in the trends of contact resistance. Surprisingly, large conductance jumps are 
observed in molecular junctions based on terphenyl-NH2 and terphenyl -SMe. We posit that this 
phenomenon arises due to in situ formation of Au-N and Au-S covalent bonds at one interface 
induced by electric fields. Density functional theory simulations are used to compare molecular 
conductance in different solvents using common covalent and dative anchors. 
In Chapter 5, the role of monomer sequence on charge transport in conjugated oligomers is 
studied. Our results show that charge transport in molecular junctions based on conjugated 
oligomers critically depends on the primary sequence of monomers. Importantly, oligomers with 
specific monomer sequences exhibit unexpected and distinct charge transport pathways that 
enhance molecular conductance more than 10-fold. A systematic analysis using monomer 
substitution patterns revealed that sequence-defined pentamers containing imidazole or pyrrole 
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groups in specific locations provide molecular attachment points on the backbone to the gold 
electrodes, thereby giving rise to multiple conductance pathways. These findings highlight the 
subtle but important role of molecular structure - including steric hinderance and directionality of 
heterocycles - in determining charge transport in these molecular junctions. 
In Chapter 6, charge transport in redox-active pyridinium-based molecular junctions is studied, 
focused on the role of intermolecular interactions. Our results shows that intramolecular 
conductance occurs over displacements consistent with the molecular contour length. However, 
pyridinium-based junctions exhibit charge transport over reduced molecular displacements upon 
increasing the solution concentration of the charged pyridinium complex, which is attributed to 
intermolecular electrostatic effects. Interestingly, formation of host-guest complexes via addition 
of a crown ether resulted in recovery of charge transport over molecular displacements 
corresponding to single pyridinium junctions at low concentrations, thereby suggesting that host-
guest complexes efficiently screen electrostatic repulsions between cationic molecules. 
In Chapter 7, we study the conformational dynamics of single copolymer molecules using 
fluorescence microscopy. Aside from studying charge transport, single molecule techniques allow 
for the direct observation of long chain macromolecules in solution. Our work focused on single 
molecule studies of chemically heterogeneous copolymers as stimuli-response hybrid materials. 
Here, I synthesized and directly observed the dynamics of thermo-responsive DNA copolymers 
using single molecule techniques. Single molecule fluorescence microscopy is used to observe the 
non-equilibrium stretching and relaxation dynamics of DNA copolymers both below and above 
the lower critical solution temperature (LCST) of side chains. These results reveal an underlying 
molecular heterogeneity associated with polymer stretching and relaxation behavior, which arises 
due to heterogeneous chemical identity on DNA copolymer dynamics. 
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CHAPTER 1  
 INTRODUCTION 
 
1.1 Single Molecule Charge Transport: Concepts and Methods 
Understanding charge transport through single molecules is a crucial step for building 
integrated organic electronic devices from molecular building blocks. Originally, the idea of 
molecular electronics was first proposed by Aviram and Ratner in 1974 [1], where they proposed 
a single molecule rectifier based on a donor-bridge-acceptor system. In recent years, the field has 
grown rapidly with the invention of experimental techniques for directly measuring molecular 
charge transport, including the mechanically controlled break junction (MCBJ) method [2] and the 
scanning tunneling microscope-break junction (STM-BJ) technique [3, 4]. Using these methods, 
the electronic properties of molecules can be studied by varying backbone type [5], molecular 
length [6], substitution patterns [7], and conformation [8]. Herein, STM-BJ is the main tool 
employed in our studies. 
The ability to link molecules to metal electrodes with robust contacts is crucial for measuring 
single molecule charge transport. To accomplish this, the Tao group developed the STM-break 
junction technique to measure single molecule conductance [3]. In brief, this method allows for 
directly measurement of molecular conductance (G = I/V) by applying a constant bias (V) between 
two metal electrodes and measuring the current (I) when the tip is close to the substrate. By driving 
a metal tip into a metal substrate, atomic junctions can be formed with conductance of multiples 
of quantum conductance, G0 = 2e2/h = 77.5 μS. For STM-BJ measurements, a similar procedure 
is operated in solution in the presence of molecules that have anchor groups to interact with metal 
electrodes. Typically, anchor groups can include two types: dative anchors such as amine [8] or 
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pyridine [9], where gold can interact with the lone electron pair on N atoms, and covalent anchors 
such as thiol [10] which can directly form a covalent bond with metal. The measurement is 
performed by repeatedly pulling up and down the tip from the substrate at a specific bias voltage 
while monitoring the tip-substrate current and displacement (Figure 1.1). In the absence of 
molecules, the conductance signal rapidly collapses to the machine noise level as the tip is pulled 
away from the surface. In the presence of molecules, there is small but finite probability of forming 
a molecular junction between the tip and substrate, resulting in a plateau in molecular conductance 
which represents the molecular junction. Repeating this procedure over an ensemble of thousands 
of molecules, a two-dimensional histogram is generated to provide the most probable molecular 
conductance for this molecule (Figure 1.1C). 
 
 
 
Figure 1.1: Single molecule conductivity measurements using scanning tunneling microscope-
break junction (STM-BJ) method. (A) Picture of the STM-BJ setup in our lab. Inset: close-up 
image of gold tip/substrate for making molecular junctions. (B) Measurement principle for 
single molecule junctions. (C) Example of conductance data. 
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1.2 Charge Transport through Molecular Junctions 
At the bulk scale, charge transport follows the classical Ohm’s law where R = A/ρL, where A 
is the cross-sectional area of the conductor, ρ is the electrical resistivity, and L is the length. 
However, at the molecular level, charge transport is not diffusive but rather ballistic.[11] Ballistic 
transport depends on the Fermi level (EF) of metals and energy states of molecules, such as the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
(Figure 1.2). Charge transport though a molecular junction can be understood by a transmission 
model where electrons can tunnel from electrodes to a molecule with an energy dependent 
probability. In this transmission model, a fixed bias in molecular junction results in a net current. 
The current through molecular junction is derived by Rolf Landauer [11].  
𝐼 =  
2𝑒
ℎ
∫ [𝑓 (𝐸 +
𝑒𝑉
2
) − 𝑓 (𝐸 −
𝑒𝑉
2
)] 𝑇(𝐸)𝑑𝐸
𝑒𝑉/2
−𝑒𝑉/2
        (1.1) 
where e is the charge of an electron, h is Planck’s constant, V is the applied bias, f (E) is the Fermi-
Dirac distribution function, and T (E) is the energy dependent transmission function. 
 
 
Figure 1.2: Charge transport through molecular junction. (A) Schematic of a molecular 
junction under applied bias. (B) Transmission function showing transport through broaden 
HOMO and LUMO level. 
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Therefore, understanding the charge transport through molecular junctions boils down to 
understanding how the molecular structures (e.g. anchors, backbone type, monomer sequence) and 
intermolecular interactions impact the transmission function T (E). For tunneling-dominated 
transport, the conductance and transmission are expected to decrease exponentially with chain 
length, such that G/G0 = A exp (-βL), where A is contact conductance, β is the molecular decaying 
constant, and L is the molecular length. Typically, decaying constant depends on the backbone 
types and contact conductance depends on the anchor-electrode interactions. 
 
In simple cases, the transmission function is related to the molecular length. However, the 
transmission can be dramatically changed by quantum interference (QI) effects. Single molecule 
conductance measurements have shown that meta-substituted phenyl groups generally exhibit 
lower conductance than para-substituted phenyls [12]. In a meta-substituted phenyl ring, the de 
Broglie electron waves emerge out-of-phase after traversing different molecular conduction 
pathways, thereby resulting in destructive QI. On the other hand, para-substituted phenyl rings 
give rise to constructive QI and consequently higher levels of conductance compared to the meta-
 
Figure 1.3: Quantum interference effect. (A) Chemical structures of para- and meta-
substituted phenyl junctions. (B) Transmission function of para- and meta-substituted 
phenyl junctions. 
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substituted analog [13]. In brief, the lower conductance of meta-substituted molecular junctions 
arises due to an anti-resonance in transmission function (Figure 1.3). Tuning the position of anti-
resonance could open new opportunities for molecular switch with a large on-off ratio.  
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1.3 Outline  
The remainder of this thesis focuses on the understanding the electronic properties and 
dynamics of materials at the single molecule level and is comprised of six chapters as follows.  
 
 
 
 
Figure 1.4: Summary of my thesis research 
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In Chapter 2, we present a simple, new electrode-anchor pair that reliably forms molecular 
junctions with stable and robust contacts useful for molecular electronics applications.[14] Our 
results show that molecular junctions on silver electrodes spontaneously form silver-carbynyl 
carbon (Ag-C) contacts resulting in a nearly 10-fold increase in conductance compared to the same 
molecules on gold electrodes.  
In Chapter 3, we investigate quantum interference (QI) through conjugated oligomers with 
oxazole anchors [15]. Surprisingly, we observe abnormal QI effect which meta-substituted phenyl 
rings with non-equivalent constitutions (i.e. O4O5 oxazole terminal linkages) show unexpectedly 
higher conductance compared to para-substituted analogs. These results suggest that charge 
transport in oxazole-terminated molecules is determined by the heteroatom substitution position 
of the oxazole anchor in addition to the aryl substitution pattern of the pi-conjugated core.  
In Chapter 4, we utilize electric fields as ‘smart catalyst’ to understand chemical reactions at 
the single molecule level. We achieve in situ formation of Au-N and Au-S covalent bonds at one 
interface with a high electric field strength. Density functional theory calculations and conductance 
comparison with other covalent and dative anchors further support our conclusions. 
In Chapter 5, we systematically study the effect of monomer sequence on charge transport 
in conjugated oligomers [16, 17]. Our results show that oligomers with specific monomer 
sequences exhibit unexpected and distinct charge transport pathways that enhance molecular 
conductance more than 10-fold. These findings reveal the subtle but important role of molecular 
structure including steric hinderance and directionality of heterocycles in determining charge 
transport in these molecular junctions. 
In Chapter 6, we characterize intermolecular interactions using redox-active pyridinium-
based molecular junctions [18]. Our results show that the formation of host-guest complexes via 
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addition of a crown ether results in recovery of charge transport over molecular displacements 
corresponding to single pyridinium junctions at low concentrations, thereby suggesting that host-
guest complexes efficiently screen electrostatic repulsions between cationic molecules. 
In Chapter 7, we directly observe the single chain dynamics of DNA-based copolymers using 
single molecule imaging techniques [19-22]. Our results show that the intramolecular 
conformational dynamics of thermoresponsive DNA-based copolymers are affected by 
temperature, branch density, and branch molecular weight. Single molecule experiments reveal an 
underlying molecular heterogeneity associated with polymer stretching and relaxation behavior, 
which arises due to heterogeneous chemical identity on DNA copolymer dynamics.  
 9 
 
CHAPTER 2  
COVALENT AG-C BONDING CONTACTS FROM UNPROTECTED 
TERMINAL ACETYLENES FOR MOLECULAR JUNCTIONS  
 
2.1 Introduction 
 
Anchor-electrode interfaces play a key role in controlling the charge transport properties of 
molecular junctions.[5] Robust, stable, and low resistance contacts between organic molecules and 
electrode interfaces are crucial for building high-performance molecular electronics devices.[23] 
Linkages between metallic electrodes and organic molecules are commonly achieved using dative 
anchors (e.g. amine[8], methyl sulfide,[23] pyridine,[24] and oxazole[15]) or covalent anchors (e.g. 
thiol,[25] trimethyltin,[26, 27] and trimethylsilyl-terminated alkynes[28]) at the termini of 
molecular junctions. In general, covalent anchors provide ~10 to 100 times lower contact 
resistance compared to dative anchors, but common covalent anchors suffer from several 
drawbacks. For example, thiol-based covalent anchors are known to exhibit transient physical 
absorption/desorption from metal interfaces[25]. Moreover, trimethyltin-based covalent anchors 
have shown undesirable dimerization and require toxic reaction conditions [26, 27], whereas 
covalent anchors based on trimethylsilyl-terminated alkynes require chemical deprotection[28, 29].  
Recently, Olavarria-Contreras et al.[30] and Bejarano et al.[31] reported the formation of gold-
carbon (Au-C) covalent bonds using terminal acetylene anchors without the need for chemical 
protecting groups. However, this method was not efficient for forming junctions involving small 
molecules (e.g. 1,4-diethynylbenzene). In addition, the conductance of molecular junctions formed 
by Au-C covalent bonds involving terminal acetylene anchors is approximately 10-100 times 
lower than those formed by Au-C covalent bonds from sp3 carbon.[30] From this view, there is a 
need for continued development of robust, reliably-formed, and highly conductive covalent 
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linkages for anchor-electrode contacts. 
In this work, we report the spontaneous formation of robust and covalent metal-molecule 
linkages using acetylene-terminated oligophenyls with silver (Ag) electrodes, resulting in highly 
conductive molecular wires with significantly lower contact resistance (6 kΩ) compared to those 
with gold electrodes (36 kΩ). Raman spectroscopy and single molecule conductance experiments 
provide evidence for the rapid formation of covalent Ag-C bonds, thereby generating stable 
molecular junctions from acetylene-terminated oligomers and small molecules such as 1,4-
diethynylbenzene. Density functional theory (DFT) simulations are further used to elucidate the 
key role of metal-molecule binding configurations for covalent linkages involving terminal 
acetylene anchors. Our results also show that conjugated molecules with acetylene anchors exhibit 
quantum interference effects, such that the molecular conductance ratio (Gpara/Gmeta) of para- 
versus meta-linked diethynylbenzene is significantly larger compared to other commonly used 
anchors. Taken together, our work provides a straightforward method to achieve robust covalent 
metal-molecule linkages, thereby opening new avenues for molecular electronics. 
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2.2 Materials and Methods 
 
Surface-enhanced Raman Spectroscopy (SERS). SERS was conducted with excitation provided 
by a 632.8 nm He-Ne laser (Meredith Instruments). Using a 50 μm monochromator slit width, the 
estimated spectral resolution is 3–5 cm−1. For each Raman measurement, the Raman spectrum was 
acquired from 60 acquisitions (each acquisition has an exposure time of 2 seconds). 
Single Molecule Conductance Measurements. All single molecule conductance measurements 
were performed in a home-built scanning tunneling microscope setup, using a method as 
previously described.[15, 32, 33] Gold and silver STM tips were prepared using 0.25 mm Au wire 
(99.998%, Alfa Aesar) and 0.25 mm Ag wire (99.9985%, Alfa Aesar). Silver substrates were 
prepared by mechanically polished Ag slug (99.99%, Alfa Aesar). Gold substrates were prepared 
by evaporating 120 nm of gold onto polished AFM metal specimen discs (Ted Pella). Conductance 
measurements were carried out in 1 mM molecule solution in 1,2,4-trichlorobenzene. The break 
junction experiments were conducted at a bias of 250 mv. All histograms (over 4,000 traces for 
each molecule) are constructed without any data selection. 
 
Molecular Modeling and Density Functional Theory (DFT) Calculations. Electron transport 
calculations were calculated using nonequilibrium Green’s function/density functional theory 
method via the Atomistix Toolkit package. [30, 34] We optimize all molecules using Spartan with a 
6-31 G** basis. Then we place the optimized molecules in built junctions and relax all atoms to 
0.05 ev/Å using DFT with local spin density approximation, a double-ζ polarized basis set for the 
molecules except for gold atoms with a single-ζ basis set, and k-point samplings of 3 x 3 x 50 (with 
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50 being in the direction along the transport). Finally, we calculated the transmission spectra 
through the junction.  
 
 
Figure 2.2. One-dimensional (1D) molecular conductance histograms for P1-P3 with Au 
electrodes at 0.25 V. 
  
 
Figure 2.1. Charge transport in acetylene-terminated molecular wires. (a) Schematic of a Ag-
molecule-Ag junction and chemical structures of acetylene-terminated oligophenyl compounds 
P1-P3. (b) Molecular conductance histograms for P1-P3 using Ag electrodes, each constructed 
from >4,000 single molecule conductance traces. 
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2.3 Results and Discussion 
 
We began by characterizing the charge transport properties of a series of acetylene-terminated 
oligophenyls (P1-P3) using Ag and Au electrodes. Single molecule conductance is determined 
using a custom-built scanning tunneling microscope break-junction (STM-BJ) technique under 
low bias (250 mV) in 1,2,4-trichlorobenzene (1 mM solution) (Figure 2.1a), as previously 
described.[32, 33] Using this approach, one-dimensional (1D) (Figures 2.1b and 2.2) and two-
dimensional (2D) (Figure 2.3) molecular conductance histograms are determined for P1-P3, such 
that each histogram is generated from a large ensemble of >4,000 individual molecules. 
Interestingly, P1 exhibits two peaks in molecular conductance for Ag electrodes, whereas P2 and 
P3 only show a single prominent peak (Figure 2.1b). We posit that the lower conductance peak 
 
Figure 2.3. Two-dimensional (2D) molecular conductance histograms for P1-P3 using Ag 
electrodes (a-c) or Au electrodes (d-f). Each histogram is constructed from >4,000 individual 
traces.  
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for P1 arises from the spontaneous, in situ formation of coordination dimers with silver atoms as 
previously reported.[35] By fitting the peaks in the 1D conductance histograms with a Lorentzian 
function, we determined that the average molecular conductance of P1 is 0.1 G0, while the average 
conductance values of P2 and P3 are 10-1.6 G0 and 10-2.4 G0, respectively (G0 = 2e2/h = 77.5 μS). 
Two-dimensional conductance histograms show that the average tip-to-surface displacement at 
junction breakage increases with molecular length, such that junctions based on P3 are stretched 
to displacements of ~1.5 nm.  
To understand the role of metal electrodes on charge transport, we performed single molecule 
conductance experiments on P1-P3 under the same conditions using gold electrodes (Figures 
 
Figure 2.4. Average molecular conductance of oligophenyls with different terminal anchors 
for Au and Ag electrodes. Conductance peak values for –CH2-Au contacts (red, n = 1, 2, 3, 
4), –C≡C-Ag contacts (gray, n = 1, 2, 3) and –C≡C-Au contacts (orange, n = 1 (from Ref. 
10), 2, 3) are plotted as a function of molecular length. Lines show fits to the data following 
the equation G=G0e-βL, where β is the molecular conductance decay constant.  
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2.3d-f, Figure 2.2). In contrast to molecular junctions formed with Ag electrodes, we did not 
observe molecular signatures suggestive of covalent interactions between P1 and the Au electrodes 
(Figure 2.3d), which agrees with prior work using a mechanically controlled break junction 
(MCBJ) method.[28, 30] Using Au electrodes, P2 and P3 show appreciable conductance signals, 
albeit with shorter junction lengths than Ag electrodes (Figure 2.3e-f). Similar phenomena have 
been observed in amine- and pyridine-terminated oligophenyls due to a smaller reorganization 
time in Ag-molecule-Ag junctions.[32, 36] By analyzing the 1D conductance histograms (Figure 
2.2) with Lorentzian function, we found that the average molecular conductance values of P2 and 
P3 with Au electrodes are 10-2.4 G0 and 10-3.2 G0, respectively. Interestingly, the average 
conductance of Ag-based junctions for P2 and P3 using terminal acetylene anchors are nearly 10 
higher compared to junctions formed with Au electrodes.  
We next determined the molecular decay constants for acetylene-terminated oligophenyls with 
different metal-carbon covalent linkages. Figure 2.4 shows the average molecular conductance 
plotted on a semi-log scale as a function of the distance between distal carbon atoms in terminal 
anchor groups (determined by DFT calculations). Using a quantum tunneling model such that G/G0 
= A exp (-βL), where A is contact conductance, β is the molecular decay constant, and L is the 
molecular length between terminal carbon atoms, we determined molecular decay constants β = 
0.37 ± 0.04 Å-1 (Ag electrodes) and β = 0.38 ± 0.03 Å-1 (Au electrodes) for acetylene-terminated 
oligophenyls, which is consistent with trimethyltin-terminated (β = 0.43 Å-1)[26] and amine-
terminated (β = 0.42 ± 0.01 Å-1)[15] oligophenyls. We next determined the contact resistance of 
acetylene-terminated oligophenyl junctions with different metal electrodes. By extrapolating the 
data to L = 0, we estimated the contact resistance of acetylene-Ag oligophenyl junctions as 6 kΩ, 
which is significantly smaller than the contact resistance of oligophenyl junctions with acetylene-
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Au interfaces (36 kΩ) and amine-Au interfaces (189 kΩ)[15]. For these calculations, we used the 
conductance value of TMS-OPE1 (Ref. 10) for the contact resistance of deprotonated P1. 
Although CH2-Au interfaces generally show the lowest contact resistance (1 kΩ), these junctions 
require toxic reaction conditions and show unavoidable dimerization, which hinders practical 
applications.[26, 27] In this way, acetylene-terminated Ag-C junctions readily form robust and 
highly conductive molecular wires in a straightforward way without the need for complex reaction 
conditions or chemical protection/deprotection.  
 We next used surface-enhanced Raman spectroscopy (SERS) to directly probe the formation 
of covalent Ag-C and Au-C bonds using acetylene-terminated molecules (Figure 2.5). Self-
 
Figure 2.5. Surface-enhanced Raman spectroscopy (SERS) spectra for P1-P3 on (a), (c) 
Au substrates and (b), (d) Ag substrates. (c) and (d) Magnified SERS spectra of the relevant 
C≡C stretching regions (1800-2400 cm-1) on Au and Ag, respectively.  
 
 17 
assembled monolayers are prepared by treating Au or Ag substrates with a solution of 1,2,4-
trichlorobenzene containing 1 mM target molecule. Functionalized Au/Ag substrates are then 
rinsed with acetone and ethanol to remove unbound molecules at various time intervals. Figure 
2.5 shows Raman spectra of P1-P3 after 24 h incubation time for Au and 4 h for Ag. Three distinct 
Raman signal regions are shown in Figure 2.5a,b at 1592 cm-1 (grey, peak A), 1950-2050 cm-1 
(blue, peak B), and 2117 cm-1 (red, peak C). Peaks A and C are associated with the in-plane 
stretching mode from the benzene ring and the vibrational stretching mode ν(C≡C)free in P1-P3, 
respectively.[37] Prior work has shown that the ν(C≡C)free stretching mode will broaden and shift 
from 2127 cm-1 to 2000 cm-1 when the carbynyl-carbon is covalently bound to metal surfaces.[28, 
38] Interestingly, a broad peak B around 2000 cm-1 ν(C≡C)bound was observed on both Au and Ag 
substrates, which indicates the formation of covalent Au-C and Ag-C bonds.  
We further analyzed the relevant regions of Raman spectra, including the C≡C stretching 
regions (1800-2400 cm-1), as shown in Figure 2.5c,d. For P2 and P3, ν(C≡C)free and ν(C≡C)bound 
signals were observed on both Au and Ag substrates. In contrast, ν(C≡C)free and ν(C≡C)bound 
signals from P1 were only observed on Ag substrates. Strikingly, there is no evidence for P1 
binding on Au surfaces even after 24 h incubation time, which agrees with STM-BJ experiments 
suggesting that P1 does not form stable junctions on Au electrodes (Figure 2.3d). Interestingly, 
acetylene-terminated oligophenyl covalently binds to Ag surfaces after incubation after only 5 min 
at ambient temperature (Figure 2.6). Taken together, these results directly show that terminal 
acetylene groups covalently bind to Ag and Au surfaces, with Ag-C linkages forming robust and 
stable junctions.  
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Figure 2.6. Surface-enhanced Raman spectroscopy (SERS) spectra of P1 on Ag or Au substrates 
after 5 minutes of incubation time. 
 
 
 
 
Figure 2.7. Two-dimensional (2D) molecular conductance histograms for P1-Ph, P1-CN, and H-
P1 with Ag electrodes at 0.25 V. 
 
 Additional evidence for the formation of acetylene-Ag junctions via deprotonation is obtained 
from single molecule conductance experiments on control molecules: 1,4-
bis(phenylethynyl)benzene (P1-Ph), 1,4-dicyanobenzene (P1-CN), and phenylacetylene (H-P1) 
(Figure 2.7). Here, we did not observe stable junction formation when the terminal hydrogen is 
replaced with phenyl (P1-Ph) or nitrogen atoms (P1-CN). Moreover, molecules containing only 
one terminal acetylene group (H-P1) showed no conductance signal, which suggests that 
deprotonation on both terminal acetylene groups is necessary to form a stable molecular junction.  
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Figure 2.8: Transmission spectra from NEGF-DFT simulations for P1-P3 with (a) Ag-Atop 
binding motif, (b) Au-Atop binding motif, (c) Ag-hollow binding motif. 
 
 
 
 
 
 
Figure 2.9: Structures of molecular junctions in NEGF-DFT simulations for P2 and P3. 
 
To further understand molecular conductance in acetylene-terminated oligophenyls using Ag 
and Au electrodes, we used nonequilibrium Green’s function-density functional theory (NEGF-
DFT) simulations via the Atomistix Toolkit package.[15, 34] Molecular geometries for P1-P3 are 
optimized with DFT performed on Spartan’16 Parallel Suite using the B3LYP functional with a 
6-31 G (d,p) basis set. Geometry-optimized molecules are then used to build Au or Ag junctions 
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with different binding configurations, followed by calculation of transmission spectra (Figure 
2.8,2.9)[29]. Interestingly, acetylene-Ag contacts with atop binding configurations show smaller 
transmission values (at E = EF) compared to those with acetylene-Au contacts (Figure 2.10). 
However, it is known that acetylene-terminated molecules adopt different binding configurations 
on metal surfaces, such that binding with atop,[39] bridged,[40] or hollow[40] sites has been 
proposed. Therefore, we determined the transmission spectra for Ag junctions with hollow binding 
configurations (Figure 2.10). The transmission function values (at E = EF) acetylene-Ag with 
hollow sites are larger than those for acetylene-Au with atop sites, which is consistent with the 
trends in molecular conductance from single molecule experiments. Taken together, these results 
suggest that different binding motifs of terminal acetylene groups result in a lower Ag-C contact 
resistance compared to Au-C contacts.  
We further examined the role of quantum interference (QI) on molecular junctions formed with 
terminal acetylene groups.[25, 41, 42]. In a single phenyl ring, destructive or constructive QI arises 
 
Figure 2.10. Charge transport behavior of acetylene-terminated oligophenyls using density 
functional theory (DFT) simulations (a) Transmission function values G/Go (at E = EF) for 
acetylene-terminated oligophenyls with Ag (hollow), Au (atop), and Ag (atop) binding 
configurations plotted against the molecular length on a semi-log scale. (b) Structures of P1 
molecular junctions in NEGF-DFT simulations in (a). 
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in meta- or para-linked configurations, respectively, as the de Broglie electron waves emerge either 
out-of-phase or in phase after traversing different molecular conduction pathways. In this way, 
constructive QI generally results in larger values of molecular conductance in para-linked phenyl 
rings.[17, 43] To examine the role of QI in acetylene-terminated phenyl junctions, we studied the 
molecular conductance of 1,3-diethynylbenzene (P1-meta) using Ag electrodes (Figure 2.11). 
From the most-probable conductance results, we found that the conductance of P1-meta is 
significantly lower than P1, such that Gpara / Gmeta = 69. Surprisingly, these results suggest that 
acetylene-terminated phenylene shows a larger conductance ratio Gpara / Gmeta compared to other 
anchors such as amine (Gpara / Gmeta = 2),[44] -SH (Gpara / Gmeta = 10),[45] -CH2SMe (Gpara / Gmeta 
= 2),[46] 4-oxazolyl (Gpara / Gmeta = 6.6),[15] and 5-oxazolyl (Gpara / Gmeta = 6.2)[15]. In this way, 
acetylene-terminated phenyl junctions formed with Ag electrodes will facilitate the design of new 
molecular transistors with large conductance ratios.[41]  
 
 
Figure 2.11: 2D and 1D conductance histograms for P1-meta with Ag electrodes at 0.25 V. 
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2.4 Conclusions 
 
In summary, we used experiments and simulations to show that unprotected acetylene-
terminated oligophenyls form robust and covalent contacts with Ag interfaces. Covalent Ag-C 
contacts are stable under ambient conditions and spontaneously form without the need for chemical 
protection/deprotection. Together, these results hold the potential open new avenues for building 
molecular wires with low contact resistance, which may aid in the design of new circuits for 
molecular electronics. 
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CHAPTER 3  
CHARGE TRANSPORT AND QUANTUM INTERFERENCE IN 
OXAZOLE-TERMINATED CONJUGATED OLIGOMERS 
 
3.1 Introduction 
 
Recent advances in single molecule electronics have uncovered new chemistries and molecular 
systems that offer new fundamental insight into molecular electronic structure and charge 
transport.[1, 3, 47-50] Single molecule junctions generally contain a central bridge terminated by 
anchor groups that are used to connect molecular wires to electrodes[5]. Charge transport in 
molecular junctions significantly depends on the chemical identity of the anchor groups and on the 
nature of the chemical interactions at the electrode-molecule interface.[51] From this view, anchor 
groups are conveniently divided into two categories based binding interactions with metal 
electrodes: dative anchors bind to metal electrodes via coordination interactions, whereas covalent 
anchors provide direct metal-molecule contacts.[5] Prior work has explored a wide array of anchor 
groups for single molecule junctions, including dative anchors with -donor groups such as 
fullerene,[52] dative anchors with lone pair donors such as primary amine (-NH2),[4] pyridine[24, 
53], cyano (-CN),[54] isocyano (-NC),[55] isothiocyanate (-NCS),[56] selenol (-Se),[57] methyl 
thio (-SCH3),[58] phosphine,[59] nitro (-NO2),[60] and carboxylic acid (-COOH),[61] and 
covalent anchors such as thiol (-SH),[61] trimethyltin,[62] trimethylsilyl-terminated alkynes[28], 
and diazonium.[63]  
Chemical anchors are a critical component of single molecule junctions and often play a key 
role in determining molecular conductance in these systems. In particular, the chemical identity of 
dative linker groups often determines whether charge transport occurs by a highest occupied 
molecular orbital (HOMO)-dominated or lowest unoccupied molecular orbital (LUMO)-
dominated pathway.[5] In addition, chemical anchors have been used to tune symmetric or 
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asymmetric coupling interactions between molecular wires and electrode surfaces. In one case, 
molecular design was used to install dative and covalent anchor groups at two termini of a junction, 
thereby generating a molecular rectifier.[64]  
Quantum interference (QI) effects play an essential role in the charge transport properties of 
molecular electronics.[13, 65] Single molecule conductance measurements have shown that meta-
substituted phenyl groups generally exhibit lower conductance than para-substituted phenyls.[12] 
In a meta-substituted phenyl ring, the de Broglie electron waves emerge out-of-phase after 
traversing different molecular conduction pathways, thereby resulting in destructive QI. On the 
other hand, para-substituted phenyl rings give rise to constructive QI and consequently higher 
levels of conductance compared to the meta-substituted analog.[13] QI effects also arise in anchor 
groups with conjugated rings, though only a few chemical anchors for molecule-metal junctions 
feature a fused ring structure. Anchor groups containing a conjugated ring structure have several 
potential molecular conduction pathways, complicating the molecular design of quantum circuits 
due to quantum effects.[66] Despite recent progress, the effect of heteroatom substitution position 
on QI effects is not fully understood in the context of anchor groups with conjugated ring structures. 
In this work, we show that oxazole serves an efficient anchor group to form stable gold-
molecule-gold junctions, resulting in conductive molecular wires. We systematically explore the 
role of heteroatom substitution position on QI in oxazole-terminated molecular junctions using the 
scanning tunneling microscope break-junction (STM-BJ) technique and density functional theory 
(DFT) simulations. Our results show that oligophenyls terminated with oxazole exhibit an 
exponential conductance decay constant (β = 0.40 Å-1), comparable to amine-terminated analogs 
(β = 0.42 Å-1). Combined results from single molecule experiments and molecular modeling show 
that the nitrogen atom in the oxazole ring is the point-of-contact to the metal surface through the 
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lone electron pair, similar to pyridine-based anchor groups.[24] Our results further reveal 
unexpected QI phenomena in oxazole-terminated molecular junctions. For oxazole-terminated 
molecules with the same chemical constitution on both termini, including O5O5 (5-oxazolyl) or 
O4O4 (4-oxazolyl) linkages, destructive QI is observed in meta-substituted phenyl molecular 
junctions. Surprisingly, our results show that meta-substituted phenyl rings with non-equivalent 
constitutions (O4O5 oxazole linkages) exhibit constructive QI. Taken together, these results 
suggest that the heteroatom position in oxazole rings plays a key role in conductance, in addition 
to the arene substitution pattern in conjugated phenyl bridges. This work expands the library of 
chemical anchor groups and explores the effect of anchors with conjugated ring structures on QI, 
thereby opening new opportunities for molecular electronics.[67]  
3.2 Materials and Methods 
 
Conductance Measurements 
All single molecule conductance measurements were performed in a home-built scanning 
tunneling microscope setup, using a method as previously described. Gold STM insulated tips 
were prepared using 0.25 mm Au wire (99.998%, Alfa Aesar). Gold substrates were prepared by 
evaporating 120 nm of gold onto polished AFM metal specimen discs (Ted Pella). Conductance 
measurements were carried out in 1 mM molecule solution in 1,2,4-trichlorobenzene. The break 
junction experiments were conducted at a bias of 250 mv. All histograms (over 10,000 traces for 
each molecule) are constructed without any data selection. 
 
Theoretical Calculations 
Electron transport calculations were calculated using nonequilibrium Green’s function/density 
functional theory method via the Atomistix Toolkit package. We optimize all molecules using 
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Spartan with a 6-31 G** basis. Then we place the optimized molecules in built junctions and relax 
all atoms to 0.05 ev/Å using DFT with local spin density approximation, a double-ζ polarized basis 
set for the molecules except for gold atoms with a single-ζ basis set, and k-point samplings of 3 x 
3 x 50 (with 50 being in the direction along the transport). Finally, we calculated the transmission 
spectra through the junction. 
  
 
Figure 3.1. Charge transport in oxazole-terminated molecular wires. (a) Schematic of metal-
molecule-metal junction and structures of compounds OX1-OX4. (b) Characteristic single 
molecule conductance traces for OX1-OX4 molecular junctions. (c) Conductance histograms 
for OX1-OX4, with each constructed from >10,000 traces. 
 
 
 
 
 
 
 
 
 27 
 
 
Figure 3.3. 2D conductance histograms for OX4 at 0.25 V and 1 V 
 
Figure 3.2: Two-dimensional (2D) conductance histograms for OX1-OX4, determined over 
a large ensemble of >10,000 individual molecules. 
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3.3 Results and Discussion 
 
A series of oxazole-containing molecules was synthesized by van Leusen oxazole synthesis[68] 
and characterized by 1H and 13C NMR spectroscopies and mass spectrometry. We began by 
synthesizing oxazole-terminated oligomers with homogenous linkages at both termini with respect 
to heteroatom position on the oxazole ring. In particular, we synthesized 5,5’-bioxazole (OX1), 
(E)-1,2-bis(oxazol-5-yl)ethene (OX2), 1,4-bis(oxazol-5-yl)benzene (OX3), and 4,4’-bis(oxazol-
5-yl)-1,1’-biphenyl (OX4), all of which contain homogeneous linkages to oxazole anchors at the 
5-position on the oxazole ring (Figure 3.1a). We further synthesized an expanded library of 
oxazole-terminated phenyl compounds with varying arene substitution patterns (meta or para-
linked) and defined linkages to the conjugated ring oxazole anchors (Table 3.1). Additional details 
on the synthesis and chemical characterization for all compounds can be found in the Supporting 
Information.   
Single molecule conductance measurements were performed using a custom-built scanning 
tunneling microscope break-junction (STM-BJ) technique under constant applied bias (250 mV) 
in a liquid solvent (1,2,4-trichlorobenzene) (Figure 3.1a), as previously described.[69, 70] In brief, 
the STM-BJ experiment is performed by measuring molecular conductance at a constant applied 
bias while pulling a gold tip away from a gold electrode surface, eventually leading to a break in 
the molecular junction. Figure 3.1b shows characteristic single molecule conductance traces of 
OX1-OX4, together with a break junction measurement in the absence of organic molecules 
(denoted as Au). Plateaus in molecular conductance G at values less than the quantum unit of 
conductance (G0 = 2e2/h = 77.5 μS) correspond to charge transport through organic molecules 
bridging the junction between the gold electrodes. Single molecule pulling experiments are 
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generally repeated for thousands of trials to enable robust statistical analysis. In this way, one-
dimensional (1D) conductance histograms are generated over a large ensemble of approximately 
104 molecules for OX1-OX4 (Figure 3.1c). Interestingly, we observe two peaks in the 
conductance histograms for OX1 but only a single peak for OX2, OX3, and OX4. We conjecture 
that the two distinct conductance states in OX1 are due to two binding geometries.[53] On the 
other hand, OX2, OX3, and OX4, adopt a single favored binding geometry, thereby resulting in 
distinct conductance peaks in the 1D histograms. 
Two-dimensional (2D) conductance histograms of OX1-OX4 are shown in Figure 3.2. 2D 
histograms show that average displacements during molecular pulling experiments tend to increase 
with increasing molecular length, such that OX4 junctions can be stretched to approximately 0.8 
nm. At 0.25 V bias voltage, we found the signal of OX4 merged with the amplifier background 
noise. Therefore, we collected 2D histograms of OX4 at high bias (1 V) to induce a clear separation 
between signal and noise (Figure 3.3). Average molecular conductance values for OX1, OX3, and 
OX4 were determined from the peak values in the corresponding 1D histogram data and plotted  
 
Figure 3.4. Charge transport behavior of oxazole-terminated oligomers determined by single 
molecule experiments and density functional theory (DFT) simulations. (a) Conductance peak 
values for amine-terminated (green, n = 1, 2, 3), pyridine-terminated (blue, n = 0, 1), and 
oxazole-terminated oligophenyls (red, n = 0, 1, 2) plotted on a semi-log scale as a function of 
distance between N-N atoms on terminal anchors. Lines show fits to experimental data 
following a quantum tunneling model G=G0e-βL. (b) Transmission spectra of OX1-OX4 
determined by DFT simulations. (c) Calculated conductance values for OX1-OX4 determined 
from DFT simulations.  
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Figure 3.5. 2D conductance histograms for oligophenyls at 0.25 V 
 
 
 
Figure 3.6. 2D conductance histograms for FU1 at 0.25 V 
 
on a semi-log scale versus the distance between nitrogen atoms in terminal anchor groups for each 
respective molecule (Figure 3.4a). In all cases, N-N distance was determined by density functional 
theory (DFT) and corresponds to the distance between nitrogen atoms in terminal amines for 
amine-terminated oligophenyls or N-N heteroatom distance between terminal oxazole rings. Our 
results show that the average molecular conductance follows an exponential decay as a function 
of molecular length, which suggests that charge transport follows a quantum tunneling model such 
that ln(G/G0) = -βL, where β is the molecular decay constant β and L is the molecular length 
between terminal nitrogen atoms. Using this approach, we find that the molecular decay constant 
β = 0.40 ± 0.01 Å-1 for oxazole-terminated oligophenyls, which is consistent with amine-
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terminated (β = 0.42 ± 0.01 Å-1) (Figure 3.5) and pyridine-terminated oligophenyls (β = 0.5 Å-
1).[24] These results suggest that oxazole anchors form robust molecular contacts with metallic 
gold electrodes and enable stable measurements of conductance. To identify the specific anchoring 
site linking oxazole rings to gold electrodes, we synthesized a control molecule 1,4-di(furan-2-
yl)benzene (FU1) for single molecule conductance experiments (Figure 3.6). In contrast to 
oxazole-terminated OX3, no conductance signal was observed for furan-terminated compound 
FU1, which confirms that the nitrogen heteroatom serves as the anchoring site in oxazole rings.  
To further understand the charge transport properties of oxazole-terminated molecules, we 
performed molecular modeling using nonequilibrium Green’s function-density functional theory 
(NEGF-DFT) via the Atomistix Toolkit package.[34] Molecular geometries for OX1-OX4 are 
optimized using DFT calculations performed on Spartan’16 Parallel Suite using the B3LYP 
functional with a 6-31G (d,p) basis set. Following determination of geometry-optimized structures, 
transmission functions are determined for relaxed molecules for OX1-OX4 using NEGF-DFT 
(Figure 3.4b). For oxazole-terminated molecules OX1-OX4, the peaks in the transmission 
function appear between +0.1 to +0.5 eV, which corresponds to charge transport through the 
LUMO. We found that the slope of the transmission spectrum is positive at the Fermi level which 
suggests that the conduction orbital is in an unoccupied state, the thermopower becomes negative, 
and electrons are transported through the LUMO in OX1-OX4.[71] We also found that the 
magnitude of the transmission values for OX1-OX4 close to Fermi energy are consistent with 
conductance trends in the experimental results (Figure 3.4c). 
We next characterized the charge transport properties of a series of oxazole-terminated 
phenylene compounds with varying arene substitution patterns (para, meta) and different linkages 
to terminal oxazole groups (5-oxazolyl or 4-oxazolyl, denoted as O5 and O4, respectively) (Figure 
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3.7, Figures 3.8-3.11 and Table 3.1). To begin, we synthesized and studied the single molecule 
conductance of 1,4-bis(4-oxazolyl)benzene (O4-p-O4), 1,3-bis(4-oxazolyl)benzene (O4-m-O4), 
1,4-bis(5-oxazolyl)benzene (O5-p-O5, also denoted as OX3), and 1,3-bis(5-oxazolyl)benzene (O5-
m-O5). Our results show that meta-substituted oxazole-terminated phenylenes with homogeneous 
O5O5 and O4O4 linkages show lower conductance than para-substituted analogs with homogeneous 
O5O5 and O4O4 linkages, consistent with a destructive quantum interference (QI) effect 
analogously observed in amine-linked,[44] methyl sulfide-linked,[66] and thiophene-linked[12] 
molecular junctions. Experimental results and NEGF-DFT simulation data in Table 3.1 clearly 
show that the QI ratio of meta/para-linkage satisfies a quantum circuit rule such that GO4-p-O4/GO4-
m-O4 = GO5-p-O5/GO5-m-O5 ≈ 6. [72, 73] As a comparison, pyridine-terminated molecules also follow 
a quantum circuit rule such that Gppp/Gpmp = Gmpm/Gmmm, where the contribution to the conductance 
 
 
Figure 3.7. Two-dimensional (2D) molecular conductance histograms for a series of oxazole-
terminated phenyl compounds at 0.25 V bias, each constructed from over 10,000 traces. 
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from the central phenylene ring is independent of the anchor groups with para or meta-linkages.27 
From this view, oxazole anchors offer an interesting opportunity to probe QI effects due to the 
asymmetric nature of the five-membered ring associated with terminal oxazole groups. For 
oxazole-terminated junctions with equivalent constitutions on both termini, we found that the 
conductance of molecules with O4O4 linkages is higher compared to their counterparts with O5O5 
linkages based on most-probable conductance results and NEGF-DFT simulations, which further 
supports the quantum circuit rule GO4-p-O4/GO5-p-O5 = GO4-m-O4/GO5-m-O5.  
 
 
 
 
 
Figure 3.8. 2D conductance histograms for A-p-O5 and A-m-O5 
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Figure 3.9. Conductance histograms and transmission spectrum for oxazole-terminated 
derivatives. 
 
 
Figure 3.10. Structures of molecular junctions for oxazole-terminated derivatives 
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Figure 3.11. Molecular orbitals and calculated energies for O4-p-O5 and O4-m-O5 
 
  
 
Table 3.1. Molecular conductance properties of oxazole-terminated phenyls, including 
average conductance (expressed as log(G/Go)) and Gpara/Gmeta from STM-BJ experiments 
and DFT simulations. Molecule names refer to amine anchors (A), oxazole anchors linked 
at the 5-oxazolyl (O5) or 4-oxazolyl (O4) position, and arene substitution pattern (p,m).  
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To further examine QI effects through oxazole-terminated molecular junctions with non-
equivalent constitutions on both termini, we synthesized and studied the molecular conductance 
of 5-(4-(oxazol-4-yl)phenyl)oxazole (O4-p-O5) and 5-(3-(oxazol-4-yl)phenyl)oxazole (O4-m-O5). 
From most-probable conductance results and NEGF-DFT simulations, our results show that the 
conductance of O4-p-O5 is lower than O4-m-O5, such that GO4-p-O5/GO4-m-O5 < 0.5. Surprisingly, 
these results suggest that the meta-substituted phenylene exhibits a higher conductance than the 
para-substitute phenylene in oxazole-terminated molecules with heterogeneous O4O5 linkages. 
Recently, Li et al.[74] and Huang et al.[75] used electrochemical gating to tune QI, which revealed 
that meta-substituted phenyl groups show higher conductance than para-substitute phenyls. On the 
other hand, our results show that a meta-substituted phenylene group can exhibit a higher 
molecular conductance relative to the para-substituted analog without external electrochemical 
gating[76]. In prior work, Borges et al. reported that meta-coupled bipyridine molecules show 
higher conductance through a σ-bonded system compared to the para-coupled analog.[77] For O4-
m-O5, the electronic coupling occurs across seven bonds, whereas for O4-p-O5 the coupling is 
through eight bonds. Therefore, we posit that O4-m-O5 has a higher σ contribution to charge 
transport which gives rise to a larger total transmission for O4-m-O5 compared to O4-p-O5. Similar 
observations were reported by Gorczak and coworkers,[78] who showed that meta-substitute 
biphenyl bridges exhibit a higher hole transfer rate compared to para-substitute analogs. 
Interestingly, this phenomenon was attributed to the asymmetric donor and acceptor states which 
leads to asymmetry in the molecular orbitals. In our work, we studied the molecular conductance 
of phenylenes containing heterogenous anchor groups based on oxazole-terminated O4O5 linkages. 
For such heterogeneous linked molecules, we conjecture that one anchor group contributes 
constructive QI and the second anchor results in destructive QI. When coupled with a meta-
 37 
substituted phenylene bridge with destructive QI, heterogeneous oxazole O4O5 linkages can alter 
the overall QI in the molecular junction, thereby giving rise to unexpectedly high conductance in 
the meta-linked molecular bridge. 
3.4 Conclusions 
 
In this work, we study the charge transport properties of a series of oxazole-terminated phenylene 
compounds with varying arene substitution patterns (para, meta) and different linkages to terminal 
oxazole rings using a combination of single molecule experiments and molecular models. Our 
results show that oxazole serves as a stable chemical anchor group for facilitating molecular 
connections to gold metal electrode surfaces. Oxazole-terminated (O5 linkage) oligophenyls show 
a decay constant β = 0.40 ± 0.01 Å-1, which is comparable with amine-terminated and pyridine-
terminated equivalents. In addition, we systematically studied QI phenomena through the central 
phenyl ring and terminal oxazole ring. In particular, for oxazole-terminated junctions with 
equivalent constitutions on both termini, which include O4O4 and O5O5 oxazole-terminated 
molecules, the QI of the central phenylene follows a quantum circuit rule that GO4-p-O4/GO4-m-O4 = 
GO5-p-O5/GO5-m-O5. For oxazole-terminated junctions with non-equivalent constitutions on both 
termini, including O4O5 oxazole-terminated molecules, meta-substituted phenylene exhibits a 
higher conductance compared to para-substitute phenylene. These results reveal the role of the 
anchor group in controlling QI which facilitates an increased understanding of molecular 
conductance in junctions with complex heterogeneous structures. Moving forward, this work could 
aid in the design and development of new chemistries for molecular electronics. 
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CHAPTER 4  
CONTROLLING CONTACT RESISTANCE VIA ELECTROSTATIC 
CATALYSIS IN SINGLE-OLIGOPHENYL JUNCTIONS 
 
4.1 Introduction 
 
Understanding electron transport at electrode interfaces is crucial to design functional devices 
for molecular electronics [16, 23]. The chemisorption of molecules on metal interfaces and the 
formation of covalent bonds has been achieved using thiol[25], trimetyltin[26, 27], and acetylene 
terminal groups [30]. Moreover, dative anchors (e.g. amine[8], methyl sulfide[23], pyridine[24], 
and oxazole[15]) functionalized at both termini of molecules are widely-used and physisorb on 
metal interfaces. Recently, Inkpen et al. reported the transition of physisorption to chemisorption 
in thiol-terminated molecules [25]. However, the physi- to chemisorption transition method is 
concentration-dependent and cannot be controlled in situ. In addition, Zang et al. reported the 
formation covalent Au-N bond through dative bonds (amine) under a high oxidizing bias in polar 
solvent [79]. However, this approach suffers from undesirable multiple peaks in conductance and 
low efficiency of conversion. From this view, it remains challenging to achieve stable covalent 
linkages in situ using dative anchors on anchor-electrode interfaces. 
The scanning tunneling microscopy-break junction (STM-BJ) method is an ideal tool to 
trigger and investigate electrostatic catalysis under oriented-external electric fields at the single 
molecule level [80, 81]. Electric fields >1 V/nm can change molecular orbitals, trigger charge 
separation, and significantly change activation barriers for chemical reactions [80]. Recently, 
electric field-based approaches have been developed [82] and leveraged to trigger Diels-Alder 
reactions [83], isomerization [84], aromatization catalysis [85], Au-catalyzed oxidative coupling 
[86], bond breakage via alkoxyamine hemolysis [87], Au-N bonding [79], desulfurization [88], 
and hydrogen tautomerzation [89]. Single molecule electrical measurements through thousands of 
 39 
individual reactions can reveal information on charge transport properties at the molecular scale 
with robust statistics.  
In this work, we study the charge transport properties and electrostatic catalysis of molecular 
junctions based on para-linked oligophenyls terminated with amine (NH2) and thiomethyl (SMe) 
in a nonpolar solvent. At low bias, our results show that SMe-terminated oligophenyls have lower 
contact resistance than amine-terminated counterparts. However, we observe the reverse trend for 
contact resistance upon increasing the applied bias voltage, indicating an electrochemical 
difference between amine and methyl sulfide. Surprisingly, we observe a strikingly large jump in 
conductance in amine- and thiomethyl-terminated para-terphenyl junctions at 1 V and 1.625 V, 
respectively. We posit that this phenomenon arises due to in situ formation of Au-N and Au-S 
covalent bonds at one interface under high electric fields. We systematically study the dative to 
covalent bond transition using a variety of different chemical anchors and experimental conditions. 
Together with molecular modeling and density functional theory (DFT) simulations, these results 
support our hypothesis regarding dative to covalent transitions in chemical anchors. Overall, we 
envision that this work will open new avenues for using electrostatic catalysis to manipulate 
anchor-electrode interfaces and to design programmable electronic devices. 
 
Scheme 4.1. Schematic representation of amine and methyl sulfide terminated oligophenyls 
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 4.2 Materials and Methods 
 
Conductance Measurements 
All single molecule conductance measurements were performed in a home-built scanning 
tunneling microscope setup, using a method as previously described.[15, 25] Gold STM insulated 
tips were prepared using 0.25 mm Au wire (99.998%, Alfa Aesar). Gold substrates were prepared 
by evaporating 120 nm of gold onto polished AFM metal specimen discs (Ted Pella). Conductance 
measurements were carried out in 0.01-0.1 mM molecule solution in 1,2,4-trichlorobenzene (P4-
NH2 is not soluble). The break junction experiments were conducted at a constant bias from -1.9 
V to 1.9 V. All histograms (over 2,000 traces for each bias voltage) are constructed without any 
data selection. 
 
 
Theoretical Calculations 
Electron transport calculations were calculated using nonequilibrium Green’s function/density 
functional theory method via the Atomistix Toolkit package.6-7 We optimize all molecules using 
Spartan with a 6-31 G** basis. Then we place the optimized molecules in built junctions and relax 
all atoms to 0.05 ev/Å using DFT with local spin density approximation, a double-ζ polarized basis 
set for the molecules except for gold atoms with a single-ζ basis set, and k-point samplings of 3 x 
3 x 50 (with 50 being in the direction along the transport). Finally, we calculated the transmission 
spectra through the junction. 
 
 
 
 41 
4.3 Results and Discussion 
 
In this work, we study the single molecule conductance of a series of amine- (Pn-NH2) and 
thiomethyl- (Pn-SMe) terminated oligophenyls linked to gold electrodes (Scheme 4.1) using a 
custom-built scanning tunneling microscope break-junction (STM-BJ) technique under different 
applied bias (-1.9 V-1.9V) in 1,2,4-trichlorobenzene (0.01 mM-0.1 mM dilute solution), as 
previously described [15, 17]. Figures 4.1a-c show characteristic one-dimensional conductance 
histograms of P1-P3 at 0.25 V (low bias) and 1.5 V (high bias) bias voltages. Two-dimensional 
histograms of Pn show that molecular displacements increase with molecular length, and Pn-SMe 
has a larger displacement than Pn-NH2 counterparts (Figure 4.2- 4.4). Also, we observe that Pn-
SMe has a higher conductance than Pn-NH2 at 0.25 V, which agrees with the previous reports 
[90]. The lower contact resistance of SMe-terminated molecules is due to stronger coupling with 
Au d-orbital. However, interestingly, we observe that trends in contact resistance are reversed and  
 
Figure 4.1. (a-c) Conductance histograms for Pn-NH2 and Pn-SMe at 0.25 V and 1.5 V bias 
voltage, each constructed from over 3,000 traces. (d-f) Conductance peak values for P1-P3 
plotted against the bias voltage from -1.9 V to +1.9 V on a semi-log scale, each voltage 
constructed from over 2,000 traces.  
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Figure 4.2. 1D conductance histograms for P1-NH2, P2-NH2, P3-NH2 
 
 
Figure 4.3. 1D conductance histograms for P1-SMe, P2-SMe, P3-SMe 
 
 
Figure 4.4. 2D conductance histograms for Pn-NH2, Pn-SMe at 0.25 V and 1.9 V 
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Pn-NH2 has a higher conductance than Pn-SMe at 1.5 V. Therefore, we performed a series of 
systematic experiments by repeating these measurements by increasing the bias voltage in steps. 
The peak values of Pn are plotted on a semi-log scale against the bias voltages in Figure 4.1d-f. 
Overall, the conductance versus voltage plots of Pn in 1,2,4-trichlorobenzene are symmetric, 
which agrees with prior work [91]. The required bias voltage to induce a reverse trend in contact 
resistance is smaller for longer molecules. Surprisingly, we observe a clear conductance jump for 
P3-NH2 at 1 V and P3-SMe at 1.75 V.  
To better understand the conductance jump, we carried out conductance measurements with 
smaller bias voltage increasing steps. From 1D and 2D conductance histograms (Figure 4.5), we 
can clearly observe two conductance peaks at intermediate bias for P3-NH2 and P3-SMe. There 
appear to be two charge transport mechanisms for P3-NH2 at 1 V and P3-SMe at 1.625 V, 
respectively. We posit that this behavior arises due to in situ formation of covalent bonds from 
dative anchor at the gold-anchor interface.  
 
Figure 4.5. (a-d) 1D and 2D conductance histograms for P3-NH2 at different bias voltage. (e-
h) 1D and 2D conductance histograms for P3-SMe at different bias voltage, each constructed 
from over 3,000 traces. Blue and red cycles represent charge transport through dative and 
covalent anchors. 
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To test this hypothesis, we compared the bias-dependent conductance response for different 
anchoring groups, as shown in Figure 4.6. Here, we study the conductance of p-terphenyl-4,4’’-
dithiol (P3-SH, covalent anchoring group) and 1,4-di(pyridin-4-yl)benzene (P3-pyridine, dative 
anchoring group) at different bias voltages. In Figure 4.6a, we clearly observe that the 
conductance of P3-SH and P3-pyridine gradually increases with bias voltage. P3-NH2 and P3-
SMe show conductance jumps at different bias voltages. When the bias voltage is above 1 V, the 
conductance of P3-NH2 is even higher than P3-SH. To understand these results, we determined 
the conductance ratio (CR) using P3-pyridine as the baseline (CR=1) (Figure 4.6b). From the 
conductance ratio plot, we clearly observe that the conductance ratio of P3-SH is nearly constant 
(CR≈10) at different bias voltages. The conductance ratio of P3-SMe is near constant (CR≈2) 
when the bias voltage is below 1.5 V. However, this ratio suddenly increases to 10 when the bias 
voltage is above 1.5 V, which suggests the formation of covalent anchor. For P3-NH2, the 
conductance ratio increases from 1 to 10 between bias voltages of 0.25 V and 1 V. Upon further 
increases in the bias from 1 V to 1.9 V, this ratio stays constant (CR≈20), suggesting that Au-N 
dative bonds are converted to a high-conducting Au-N covalent bond at the interface.    
 
Figure 4.6. (a) Conductance peak values for P3 with different anchors plotted against the 
bias voltage from 0.25 V to 1.9 V on a semi-log scale. (b) Conductance ratios (P3 with 
different anchors/P3-pyridine) plotted against the bias voltage from 0.25 V to 1.9 V on a 
semi-log scale. (c) Schematic representation of formation of covalent bonds through dative 
interactions. 
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Figure 4.7: Structures of molecular junctions in NEGF-DFT simulations for P3 with different 
anchor-electrode interfaces. 
 
 
 
Figure 4.8: Calculated transmission curves for P3 with NH NH and S S anchor-electrode 
interfaces  
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To determine the number of covalent bonds formed at interfaces, we carried out calculations 
based on the nonequilibrium Green’s function-density functional theory (NEGF-DFT) method via 
the Atomistix Toolkit package. Geometries for P3-SH, P3-NH2 and P3-SMe are optimized with 
DFT calculations performed on Spartan’16 Parallel Suite using the B3LYP functional with a 6-31 
G (d,p) basis set. We then place the geometry-optimized molecules into the junctions and calculate 
transmission spectra. To test our hypotheses regarding the in situ formation of Au-N and Au-S 
covalent bonds, we model the covalent junctions by respectively removing one/two H atom from 
SH (S SH, S S) and NH2 (NH NH2, NH NH) and one/two CH3 moiety from SMe (S SMe, S S) 
(Figure 4.7). If we propose there are two covalent bonds formed (NH NH and S S) at both ends 
for P3-NH2, P3-SH, and P3-SMe, the calculated transmission values close to Fermi energy is 
above 0.1 G0, which did not match with our experiment results (Figure 4.8). If we propose there 
is only one covalent bond formed (NH NH2, S SH, and S SMe) for P3-NH2, P3-SH, and P3-SMe. 
In Figure 4.9a-b, we found the transmission values for P3 with different anchors close to Fermi 
 
Figure 4.9. (a) Calculated transmission curves for P3 with different anchor-electrode 
interfaces. (b) Conductance values of P3 with different anchor-electrode interfaces from 
STM-BJ (light blue, P3-NH2 at 1.9 V; green, P3-SH at 1.9 V; pink P3-SMe at 1.9 V; red, 
P3-SMe at 0.25 V; blue, P3-NH2 at 0.25 V) and DFT simulation (transmission values (E = 
EF) from (a).  
 47 
energy are in good agreements with the experimental results. The conductance order of P3 is NH 
NH2 > S SH > S SMe > SMe SMe > NH2 NH2.  
To better understand covalent bond formation at one interface, we compare our results with 
previous work. Zang et al. studied Au-N covalent bond formation for P3-NH2 at high bias [79]. 
These authors determined the conductance of P3-NH2 at 0.72 V bias with two covalent bonds and 
one covalent bond to be 0.1 G0 and 0.01 G0, respectively. Because the conductance of P3-NH2 in 
our experiments is below 0.1 G0 at all voltages, our data suggest that there is only one Au-N 
covalent bond formed in P3-NH2. Moreover, Jiang et al. used scanning tunneling microscope 
(STM) to induce a sequence of targeted bond dissociation in thiol-based conjugated molecules 
[92]. These authors determined the threshold voltage to cleave one acetyl group and to form one 
Au-S bond to be 1.80 ± 0.20 V, which also agrees with our experimental threshold voltage (1.625 
V) in P3-SMe.  
Finally, to further demonstrate that there is only one covalent bond formation in P3-SH, we 
added t-butyl nitrite (tBN) and covert SH to labile nitrosothiol (SNO) [93], which can release NO 
and form covalent Au-S or disulfide when meet with Au atom (Figure 4.10a). The conductance 
of P3-SH+tBN is significantly larger than P3-SH with self-assembled monolayer (SAM, no 
covalent bond formation) [25] and solution measurement (Figure 4.10b), which further supports 
our assumptions on one covalent bond formation.    
4.4 Conclusions 
 
In summary, we experimentally and theoretically demonstrated in situ formation of Au-N and Au-
S covalent bonds at one anchor-electrode interface using electrostatic catalysis. The trend in 
contact resistance for single oligophenyl junctions is reversed upon increasing the applied bias. 
These results deepen our understanding of the role of electric fields and anchor-electrode interfaces 
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in controlling conductance. Broadly speaking, these results will aid in the design of new molecular 
electronics devices and applications. 
 
 
 
Figure 4.10: (a) Preparation of P3-SNO and formation of two Au-S covalent bonds by mixing P3-
SH (0.1 mM) with t-butyl nitrite (1 mM). (b)  1D conductance histograms for P3-SH (SAM, 
physisorbed bonds on both sides, use a method as previously reported[25]), P3-SH (solution 
measurement, 0.1 mM), and P3-SH (0.1 mM solution with 1 mM t-butyl nitrite).  
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CHAPTER 5  
CHARGE TRANSPORT IN SEQUENCE-DEFINED CONJUGATED 
OLIGOMERS 
 
5.1 Introduction 
 
Sequence-defined oligomers (SDOs) and sequence-defined polymers (SDPs) are chain 
molecules with a precise order of monomer units; each molecule has a monomeric sequence that 
is identical to every other molecule[94, 95]. Sequence definition in nucleic acids and proteins is 
essential to the molecular blueprint of cellular functions. In synthetic materials, SDOs and SDPs 
offer a new dimension to manipulate self-assembly[96], catalysis[97], nanoelectronics[98], 
molecular recognition[99], molecular encoding of information[100], and phase behavior in 
polyelectrolytes[101]. Despite many recent advances, relating primary monomer sequence to the 
physical, chemical, and electronic properties of organic materials remains an unsolved 
problem[102, 103]. 
The synthetic availability of precision SDOs has hindered progress in realizing structure-
function relations[94]. Major challenges lie in the efficient and scalable production of non-
biological oligomers and polymers with discrete chain lengths and sequences. Indeed, the efficient 
synthesis of non-biological SDOs and SDPs has been called a “Holy Grail” of polymer 
science[104]. Various synthetic methods have been pursued, including iterative synthesis[105, 
106], template-based synthesis[107], and controlled step- or chain-growth statistical 
polymerization[108-111]. Recently, advanced synthesis methods and molecular designs including 
automated synthesis techniques[112, 113] and artificial catalytic molecular machines[114] have 
been introduced into this burgeoning field and continue to open new avenues for the precise 
synthesis of sequence-defined materials. However, developing synthetic schemes that afford 
conjugated backbones remains a key challenge. The most useful synthetic methods would be able 
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to draw from a variety of building blocks such as aromatic carbocyclics and heterocyclics. Such 
methods make possible the establishment of sequence-property correlations beginning from a 
discrete reference sequence followed by the addition or replacement of monomers at specific 
locations and subsequently determining the change in properties.  
To date, there have been limited studies correlating sequence and properties in a ‘monomer by 
monomer’ fashion. Nevertheless, pioneering works from Hawker[115], Li[116], Lutz[117], 
McNeil[118], Meyer[119], Noonan[120], Segalman[121] and Zuckermann[122] have 
highlighted sequence-regulation as a promising and powerful method to control the properties 
of SDOs and SDPs. In SDOs and SDPs, each monomer contributes to the backbone’s electronic 
structure and functional group placement by altering chain conformation and molecular 
geometry. Intrinsic monomeric contributions to bulk materials properties are difficult to 
disentangle due to the contributions from intermolecular and intramolecular factors. To this end, 
single molecule techniques offer the ability to directly probe properties at the molecular scale, 
thereby enabling elucidation of quantitative structure-property relationships (QSPR) for sequence-
defined materials[23, 123]. Single molecule junctions have been used to study charge transport as 
a function of molecular length[124], aromaticity[125], anchor groups[126], chemical 
substituents[127], gating voltage[128], molecular conformation[129] and orbital alignment 
between molecular bridges and metallic electrodes[130]. The direct measurement of single 
molecule conductance provides the opportunity to probe the intrinsic relationship between 
sequence and electronic properties. 
In this work, the synthesis of precisely defined conjugated SDOs is described together with 
single molecule conductance measurements and molecular simulations. We first establish an 
iterative strategy for synthesizing sequence-defined conjugated oligomers using the van Leusen 
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heterocycle synthesis. This approach was applied to the synthesis of a series of SDOs consisting 
of alternating p-phenylene and heterocyclic units. Unlike traditional iterative synthetic schemes 
that require chemically distinct monomers, our approach provides sequence definition by 
altering reaction conditions in each synthetic cycle using a universal monomer.  Following 
synthesis, we directly characterize the molecular conductance and charge transport properties 
of the SDO library using a scanning tunneling microscope-break junction (STM-BJ) method. 
Our results show that molecular junctions with specific monomer sequences exhibit multiple 
distinct charge transport pathways, some of which enhance conductance more than 10-fold. In 
tandem, we characterize the distinct conductance pathways using a series of structural 
analogues in concert with molecular modeling. Our results show that the high conductance 
pathways emerge from gold-molecule linkages through imidazole and nitro-substituted pyrrole 
located within the oligomer backbone. In this way, geometrical effects including sequence-
controlled directionality and steric hinderance of side chains determine intramolecular charge 
transport in conjugated oligomers. The role of primary monomer sequence and its role on charge 
transport in molecular junctions is elucidated, which will inform the design of molecular 
electronic devices. 
 
5.2 Synthetic Strategy, Preparation, and Characterization  
 
An iterative approach was developed for synthesizing discrete, conjugated oligomers with 
wide ranging compositions and sequence variations. Since 1972, tosylmethyl isocyanide 
(TosMIC) and its aryl-substituted homologues have been widely used as a C-N=C synthon in 
the synthesis of multiple heterocycles including oxazoles, imidazoles, and pyrroles, which are 
collectively known as van Leusen multicomponent reactions (van Leusen MCRs)[131]. Here, 
we design a monomer (M) containing the requisite tosylmethyl isocyanide group for 
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heterocycle synthesis and a latent functionality (nitrile) for subsequent additions by reductive 
conversion to a terminal aldehyde. The iterative method consists of two steps (Figure 5.1a): (1) 
a coupling reaction, which is used to generate a heterocycle (oxazole, imidazole, or nitro -
substituted pyrrole) from an aldehyde by proceeding through one of three homologous van 
Leusen MCRs, and (2) a reduction, which returns an aldehyde from the terminal nitrile using 
diisobutylaluminium hydride (DIBAL-H), thereby enabling additional coupling reactions in 
subsequent steps. Oligomers prepared by this approach has an orthro connectivity around 
heterocycle, which leads to a twisting molecular backbone. Additional diversity was achieved 
by including chemical substitutions such as 1,2-dimethoxyethane on the phenylene group. 
 
Figure 5.1. Iterative Synthesis of Sequence-Defined Oligomers. (a) Iterative approach 
consisting of a coupling reaction and a subsequent reduction for the synthesis of alternating 
para-substituted phenyls linked to oxazole, imidazole, or nitro-substituted pyrrole. (b) 
Schematic of sequence-controlled synthesis for pentamers. Three different heterocycles 
(oxazole, imidazole, or nitro-substituted pyrrole) are generated by varying the reaction 
conditions in each cycle to achieve sequence-defined oligomers. Oligomers are terminated with 
methyl sulfide to facilitate single molecule conductance measurements.   
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Broadly speaking, this strategy allows to prepare compositionally rich sequences of defined 
length with a limited set of building blocks.  
Using the iterative approach described above, 19 SDOs were prepared ranging in length from 
 
Figure 5.2. Sequence-Defined Conjugated Oligomers with Alternating Phenyl 
Heterocycle Backbones. (a) Building blocks for sequence definition, O (oxazole), I 
(imidazole), R (pyrrole), P (phenyl), and G (substituted phenyl). Molecular library of sequence-
defined dimers, trimers, pentamers, and heptamer. (b) Crystal structures of POPRP and 
PRPOP formed by slow evaporation from a mixed solvent (chloroform/n-hexane). Hydrogen 
atoms are removed for clarity, and a CHCl3 molecule is located within the unit cell of 
PRPOP.  
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dimer to heptamer (Figure 5.2a). In particular, we synthesized nearly all possible dimeric, 
trimeric, and pentametric sequences with unsubstituted phenylene units. Attempts to synthesize 
the pentamer containing two pyrrole units failed, presumably because of side reactions between 
the pyrrole-containing precursor and the reagent n-butyllithium in the second iterative cycle. 
Broadly speaking, this methodology is generalizable to synthesize oligomers beyond the 
heptameric length and the sequence variations described here.  
 
Figure 5.3. Single Molecule Conductance of Sequence-Defined Oligomers. (a) Schematic 
illustration of single molecule break junction. (b)Characteristic single molecule conductance 
traces of sequence-defined pentamers showing a single conductance peak (applied bias 0.25 
V). (c) Characteristic single molecule conductance traces of sequence-defined pentamers 
exhibiting multiple conductance peaks (applied bias 0.25 V). For these oligomers, two well-
spaced conductance peaks are observed (high conductance 10-3.5 G0, low conductance 10-4-10-
5 G0). (d) Series of 1D conductance histograms for 10 sequence-defined pentamers (applied 
bias 0.25 V). Some sequences exhibit multiple conductance peaks associated with multiple 
molecular conductance pathways. Dotted line shows the result of Lorentzian fitting.   
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Sequence-defined oligomers are referred to using a naming convention based on the 
substituent building blocks (Figure 5.2). Pentamers containing the same composition but with 
different sequences are structurally distinct. For example, PIPOP and POPIP are constitutional 
isomers with different heterocycle directionalities that may impact charge transport, as 
discussed below. A pair of isomeric pentamers, POPRP and PRPOP, crystallized as slender 
prisms under ambient conditions. Single-crystal X-ray diffraction analysis reveal that both 
oligomers have similar twisted U-shaped conformations in the solid state (Figure 5.2b). 
Interestingly, primary sequence also plays an important role in solid state structures such that 
POPRP and PRPOP have different packing patterns. By using different solutions as mixed 
solvents (chloroform/n-hexane or ethyl acetate/n-hexane), we also observed two polymorphs of 
POPRP and one solvatomorph of PRPOP.  
5.3 Single Molecule Conductance of Sequence-Defined Oligomers  
 
We employed a single molecule measurement - electronic conductance - to directly measure 
the charge transport properties of each SDO. In particular, molecular conductance is determined 
using a scanning tunneling microscope-break junction (STM-BJ) technique as previously 
described (Figures 5.3a and Figures 5.4-5.24)[17]. In all cases, experiments are repeated on at 
least 103-104 individual molecules using the STM-BJ technique to enable robust statistical analysis. 
The SDOs contain dual terminal methyl sulfide (-SMe) groups that serve as anchors for making 
robust connections to gold electrodes[132]. Individual molecular conductance traces (Figures 
5.3b, 5.3c) are compiled into one-dimensional (1D) histograms without data selection (Figure 
5.3d). In this way, 1D conductance histograms enable determination of the average molecular 
conductance by fitting the histogrammed data to a Lorentzian function[8]. For the alternating 
phenylene-heterocycle oligomers in this work, we generally observe an average  
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1D Histograms of Sequence-defined Oligomers 
 
Figure 5.4. 1D conductance histograms of: (a) dimers and (b) trimers at 0.25 V bias voltage. 
 
 
Figure 5.5. 1D conductance histograms of pentamers at different bias voltages (0.25 V, 0.50 V, 
0.75 V). 
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2D Histogram of Sequence-defined Oligomers 
 
 
Figure 5.6. 2D histogram of dimers a) PO; b) GO; c) PI; d) PR at 0.25 V bias voltage. 
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Figure 5.7. 2D histogram of Trimers a) POP; b) GOP; c) PIP; d) PRP at 0.25 V bias voltage. 
 
 
 
 
Figure 5.8. 2D histogram of PIPOP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
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Figure 5.9. 2D histogram of PIPRP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
Figure 5.10. 2D histogram of PIPIP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
Figure 5.11. 2D histogram of POPRP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
Figure 5.12. 2D histogram of POPIP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
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Figure 5.13. 2D histogram of POPOP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
 
 
 
Figure 5.14. 2D histogram of PRPOP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
 
 
 
Figure 5.15. 2D histogram of PRPIP at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
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Figure 5.16. 2D histogram of GOPOP at different bias voltages (0.25 V, 0.50 V). 
 
 
 
Figure 5.17. 2D histogram of GOPOG at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
 
 
Figure 5.18. 2D histogram of POPOPOP at different bias voltages (0.25 V, 0.10 V).  
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1D and 2D Histogram of Control Compounds 
 
Control Compounds for PIPOP 
 
 
 
Figure 5.19. 2D histogram of S-PIPOP-H at different bias voltages (0.25 V, 0.50 V, 0.75 V).  
 
 
 
 
Figure 5.20. 2D histogram of S-PIP-H at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
 
 
 
Figure 5.21. 2D histogram of H-PIPOP-S at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
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Figure 5.22. 2D histogram of H-PIPOP-H and OP at 0.25 V. 
 
Control Compounds for XXXRB’ 
 
 
Figure 5.23. Comparison of 1D histogram of H-PRP-S and POPRP at different bias voltages 
(0.25 V, 0.50 V, 0.75 V). 
 
 
Figure 5.24. 2D histogram of H-PRP-S at different bias voltages (0.25 V, 0.50 V, 0.75 V). 
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Table 5.1. Summary of single-molecule conductance of dimers and trimers 
 
 
 
 
 
 
 
 
 
 
 
Table 5.2. Summary of single-molecule conductance of pentamers 
 
Sequence Conductance (log(G/G0), 
STM-BJ) 
Fitting Standard 
error 
Conductance (log(G/G0), DFT 
simulation) 
PRPIP -4.91 0.010 -4.53 
POPIP -4.77 0.002 -4.15 
GOPOG -4.74 0.004 NA 
PRPOP -4.72 0.003 -3.36 
GOPOP -4.57 0.005 NA 
POPOP -4.51 0.004 -3.67 
PIPRP (High G) -3.51 0.002 NA 
PIPOP (High G) -3.45 0.005 NA 
POPRP (High G) -3.60 0.003 NA 
PIPIP (High G) -3.57 0.005 NA 
PIPRP (Low G) -5.07 0.007 -4.44 
PIPOP (Low G) -4.96 0.009 -4.23 
POPRP (Low G) -4.86 0.004 -4.40 
PIPIP (Low G) -4.61 0.005 -3.62 
 
Table 5.3. Summary of single-molecule conductance under different bias voltage 
Sequence Conductance 
(log(G/G0), 0.25 V) 
Conductance (log(G/G0), 
0.50 V) 
Conductance (log(G/G0), 
0.75 V) 
PRPIP -4.91 -4.85 -4.62 
POPIP -4.77 -4.63 -4.37 
GOPOG -4.74 -4.68 -4.51 
PRPOP -4.72 -4.70 -4.52 
GOPOP -4.40 -4.51 NA 
POPOP -4.51 -4.45 -4.17 
PIPRP (High G) -3.51 -3.34 -3.14 
PIPOP (High G) -3.45 -3.26 -3.16 
POPRP (High G) -3.60 -3.40 -3.17 
PIPIP (High G) -3.57 -3.36 -3.07 
PIPRP (Low G) -5.07 -4.80 -4.65 
PIPOP (Low G) -4.96 -4.78 -4.65 
POPRP (Low G) -4.86 -4.68 -4.49 
PIPIP (Low G) -4.61 -4.61 -4.49 
 
 
Sequence Conductance (STM-BJ) Fitting Standard error 
PO -3.31 0.002 
PI -3.56 0.008 
PR -3.96 0.017 
GO -3.56 0.008 
POP -3.97 0.003 
PIP -3.44 0.006 
PRP -3.51 0.003 
GOP -3.80 0.010 
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molecular conductance in the range between ~10-3-10-5 G0 (Tables 5.1-5.3), where G0 = 77.5 S 
is the quantum unit of conductance. The ortho connectivity around heterocycles lead to a twisting 
between phenylene and heterocycle and phenylene, which lowers the molecular conductance 
compared to planar structures, for example, oligothiophene. [124]    
 Molecular conductance in the pentamer series shows a remarkable sequence-dependent 
behavior. For example, conductance histograms of two compositionally identical pentamers 
POPIP and PIPOP are markedly different (Figures 5.5, 5.8, and 5.12), such that POPIP shows a 
predominent single peak at low conductance whereas PIPOP exhibits two well-spaced peaks in 
molecular conductance (Figure 5.3d). We observed two dominant and well-spaced conductance 
peaks (high G and low G) in pentamers with sequences - PIPRP, PIPOP, POPRP, and PIPIP 
(Figures 5.3c, 5.3d, and 5.5). Specifically, the conductance of the high G state (10-3.5 G0) is more 
than one order magnitude larger than the corresponding low G state (10-4-10-5 G0) for this set of 
pentamers. On the other hand, a different set of pentamers (PRPIP, POPRP, GOPOG, PRPOP, 
GOPOP, and POPOP) exhibits a primary conductance peak around 10-4-10-5 G0 and a possible 
obscured or weak shoulder at a higher molecular conductance around 10-3.5 G0. To quantitatively 
characterize this behavior, we used a Lorentzian fitting method to determine the relative 
dominance or ratio of the primary conductance peak to possible shoulders or obscured peaks. Our 
results show that the pentamers PRPIP, POPIP, GOPOG, PRPOP, GOPOP, and POPOP are 
well described by a primary conductance peak, which suggests that charge transport primarily 
occurs through a single dominant molecular conductance state. This implies that charge transport 
pathway in pentamer series is markedly dependent on primary sequence. Finally, molecular 
conductance results for trimers (POP, PIP, PRP, and GOP) and a heptamer (POPOPOP) with 
heterocycles located in the backbone generally show 1D conductance histograms with a single 
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statistical conductance value (Figures 5.4, 5.5, and 5.17).  
5.4 Identifying Sequence-Controlled Conductance Pathways 
 
Compositional variations among the 19 SDOs introduce multiple conductance pathways owing 
to the possibility that internal heterocycles provide anchor points between the conducting molecule 
and the gold electrodes. In particular, the nitro group in pyrrole R is known to serve as a dative 
anchor for making robust linkages to gold electrodes[60, 133]. Recent work has shown that 
oxazole O serves as an efficient chemical anchor to gold electrodes for single molecule 
 
Figure 5.25. Structural Deconstruction to Determine Conductance Pathways. The 
pentamer PIPOP has six possible charge transport pathways corresponding to conductance 
from the terminal anchors and/or intramolecular heterocycles. Here, we synthesized five control 
compounds with lower structural complexity providing suitable models to understand the 
conductance pathway of the pentamer. In this way, the compounds H-PIPOP-H, S-PIP-H, and 
H-OP-S only contain a single well-defined conductive pathway.   
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electronics[15], and the imidazole I has a free lone electron pair on the nitrogen atom that can 
potentially serve as an in-backbone anchoring site to gold electrodes[49, 134].  
 A systematic structural deconstruction method was used to identify the charge transport 
pathways of distinct conductance in the pentameric SDOs. We began by focusing on the 
pentamer PIPOP and systematically examined a series of related fragments including H-OP-S 
(dimer), S-PIP-H (trimer lacking thiomethyl anchor on one terminus), S-PIPOP-H (pentamer 
lacking thiomethyl anchor on one terminus), H-PIPOP-S (pentamer lacking thiomethyl anchor on 
one terminus), and H-PIPOP-H (pentamer lacking thiomethyl anchor on both termini) (Figure 
5.25). These lower structural complexity analogs of PIPOP generally consist of sub-segments of 
the pentamer or molecules lacking terminal thiomethyl anchors. In this way, the charge transport 
pathways in these short molecular analogs are well-defined, which provides a logical and 
systematic approach to experimentally deconstruct conductance pathways in pentamers of varying 
sequence.  
The molecular conductance of the parent pentamer and its simpler analogs were further 
analyzed using two-dimensional (2D) histograms of conductance versus displacement. Prior STM-
BJ measurements have shown that the maximum displacement between the tip and substrate at 
which finite conductance is measured is strongly correlated with the contour length of the 
molecular junction[59, 135]. As shown in Figure 5.26a, the 2D conductance histograms for the 
pentamer PIPOP show that the high G conductance state is associated with a small tip-to-substrate 
displacement of ca. 0.4 nm, whereas the low G conductance state occurs with larger molecular 
extensions of ca. 0.6 nm. This observation suggests that the high G state is associated with charge 
transport through shorter segments of the pentamer compared to the low G state.  
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To understand the high G charge transport pathway of the pentamer PIPOP, we began by 
characterizing the molecular conductance of S-PIP-H (Figures 5.26b and 5.20), which has a 
defined charge transport pathway through the terminal thiomethyl anchor and the internal 
imidazole. Our results show that S-PIP-H exhibits a molecular conductance that is consistent with 
the high G state of PIPOP (Figure 5.26a) both in displacement and magnitude, across a wide 
range of applied bias (0.25 V, 0.50 V and 0.75 V) (Figures 5.8, 5.20). These results are consistent 
 
Figure 5.26. Molecular Conductance Pathways in Sequence-Defined Pentamers. (a)2D 
(top) conductance histograms at 0.75 V applied bias and 1D (bottom) conductance histograms 
(at 0.25 V, 0.50 V and 0.75 V) of (a) PIPOP; (b) S-PIP-H; and (c), POPOP. (d) Mechanism 
for high conductance (high G) and low conductance (low G) pathways for PIPOP. (e) 
Molecular conformations for single molecule junctions in NEGF-DFT simulations for 
determining transmission spectra for two distinct conductance pathways for PIPOP. (f) 
Transmission probabilities of two distinct conductance pathways of PIPOP from NEGF-DFT 
simulations. 
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with conductance in the dimer PI (Figure 5.6c) and likely arise by attaching the backbone to the 
gold electrode with terminal thiomethyl anchor on one end and the central imidazole on the other. 
Moreover, the structural analog S-PIPOP-H (Figure 5.19) exhibits a similar high G conductance 
state as S-PIP-H (Figure 5.20), which is again attributed to charge transport through in-backbone 
imidazole linkages. Interestingly, none of the other simpler analogs of PIPOP show a high G 
conductance state observed in the parent pentamer PIPOP (Figures 5.21 and 5.22). Taken together, 
these results strongly suggest that the high G conductance pathway of PIPOP arises from charge 
transport through the terminal thiomethyl anchor and the internal imidazole. 
Next, we analyzed the monothiolated control compounds S-PIP-H, S-PIPOP-H, and H-
PIPOP-S to reveal the nature of the low G charge transport pathway. We found that these 
compounds generally exhibit conductance over a maximum displacement of ca. 0.4-0.5 nm 
(Figures 5.19-S5.21), whereas the low G state of PIPOP exhibits a molecular extension above 0.6 
nm (Figure 5.26a). Moreover, control compounds S-PIP-H and S-PIPOP-H only exhibit the high 
G state consistent with PIPOP. On the other hand, the molecular conductance and displacement 
of the low G state of PIPOP is consistent with pentamers that show a single conductance pathway 
such as POPOP (Figures 5.26c, 5.12-5.17). Together, these results suggest that the low G 
conductance state is associated with a charge transport pathway through the two terminal methyl 
sulfide anchors. These results are in agreement with prior work by Gonzalez[134] and Lu[136], 
where the end-to-end molecular charge transport pathway was generally found to exhibit a lower 
conductance compared to in-backbone charge transport. Our findings are summarized in a 
schematic in Figure 5.26d that shows the observed charge transport pathways for the pentamer 
PIPOP.  
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5.5 Molecular Origin of Sequence-Controlled Conductance Pathways  
 
Molecular modeling using nonequilibrium Green’s function-density functional theory (NEGF-
DFT) is a useful way to understand charge transport pathways in sequence-defined oligomers. In 
all cases, molecular geometries are optimized using DFT calculations performed on Spartan’16 
Parallel Suite using the B3LYP functional with a 6-31G (d,p) basis set, followed by determination 
of transmission functions for relaxed molecules via the Atomistix Toolkit package (Figure 5.26e). 
NEGF-DFT simulations show that molecular conductance through in-backbone imidazole 
linkages is >10x larger than conductance through the entire end-to-end molecular contour (Figure 
5.26f). These results are consistent with the experimental results based on simpler control 
compounds derived from the reference pentamer.  
We excluded the possibility that the high G conductance state arises from multipodal linkages 
between the oligomers and the gold tip and substrate. For example, it has been observed that 1,2-
disilaacenaphthenes[135] exhibit a relatively high conductance state arising due to multipodal 
linkages between the molecule and electrode surface. However, in our control experiments, the 
high G conductance state is observed in S-PIP-H, which only has two anchors including the central 
imidazole and terminal methyl sulfide. These results strongly suggest that the multipodal linkage 
mechanism is likely not observed in the phenylene heterocycle oligomers in this work.  
Prior work has also shown that transient molecular conformations leads to a switching of 
conductance states in oligosilanes[137] and oligogermanes[138]; however, this potential 
mechanism is not observed in our molecular library. DFT calculations show that the majority of 
pentamers have two conformations in solution: (1) a Z-shaped conformation, where the molecular 
backbone has a zig-zag geometry, and (2) a U-shaped conformation, where the oligomer backbone 
has a hairpin shape. In particular, we found that the 1,2-dimethoxyethane side chain has a strong 
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influence on the ratio of the Z-shaped conformation versus U-shaped conformation. For example, 
the Z/U conformational ratio of POPOP, GOPOP, and GOPOG gradually decreases from 2:1 to 
0:1, such that GOPOG exclusively adopts the U-shaped geometry. Overall, our results show that 
these different molecular conformations generally exhibit similar conductance states.  
We next considered the high G conductance states of the pentamer subset consisting of 
molecules PIPOP, PIPIP, PIPRP, and POPRP. The high G conductance states of PIPOP, PIPIP, 
and PIPRP are consistent with control compound S-PIP-H both in displacement and magnitude 
under different applied biases (0.25 V, 0.50 V and 0.75 V) (Figures 5.27a, 5.8-5.10). This result 
demonstrates that the high G conductance state of pentamers with a PIPXP sequence (where X 
represents an arbitrary heterocycle such as oxazole, imidazole, or nitro-substituted pyrrole) all 
 
Figure 5.27. The Effect of Sequence on Charge Transport in Molecular Junctions. (a) 
Comparison of control compound S-PIP-H with pentamers containing the general sequence 
PIPXP (where X represents an arbitrary heterocycle such as oxazole, imidazole, or nitro-
substituted pyrrole) at 0.25 V. (b) Comparison of control compound H-PRP-S with pentamers 
containing the general sequence PXPRP sequence at 0.25 V. (c) Geometrical evaluation of 
imidazole at different positions from NEGF-DFT simulations. (d) Geometrical evaluation of 
pyrrole at different positions from NEGF-DFT simulations. The directionality of PIPXP and 
PXPRP facilitates in-backbone linkages through imidazole or nitro-substituted pyrrole, thereby 
leading to a high G state. However, in-backbone linkages (high G) for PXPIP and PRPXP are 
inhibited due to unfavorable geometries and steric hinderance effects.  
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derive from an identical imidazole in-backbone linkage. In order to understand the nature of high 
G conductance of pentamers with a PXPRP sequence (POPRP and PIPRP), we further 
considered the oligomeric fragment H-PRP-S which is a trimeric structure lacking a thiomethyl 
anchor on one terminus (Figure 5.27b). Comparing POPRP and PIPRP with H-PRP-S, we 
attribute the high G conductance state to an in-backbone linkage through the nitro-substituted 
pyrrole and terminal methyl sulfide (Figures 5.27b, 5.9 and 5.11). The slight difference in 
conductance magnitudes between POPRP, PIPRP, and control compound H-PRP-S is likely due 
to differences in conjugation in each molecular structure. The results are consistent across a wide 
range of bias voltages (0.25 V, 0.50 V and 0.75 V) (Figures 5.23 and 5.24). Nevertheless, we note 
that PIPRP contains both imidazole and nitro-substituted pyrrole that may form in-backbone 
linkages, such that conductance in PIPRP could arise due to a combination of two different in-
backbone linkages. 
 To more deeply understand the molecular origins of monomer sequence on conductance, 
we considered the effects of electrode-molecule alignment due to backbone geometry and 
conformation, monomer orientation, and steric interactions. Interestingly, we observe dual 
conductance peaks for PIPOP, PIPRP, and POPRP, but only a single conductance peak for 
their regioisomers POPIP, PRPIP, and PRPOP, despite both sets of molecules having the 
identical composition in terms of in-backbone anchor groups (PIPOP versus POPIP, PIPRP 
versus PRPIP, and POPRP versus PRPOP). Imidazole and nitro-substituted pyrrole groups 
link to gold electrodes by a noncovalent coordination interaction, and the donor-acceptor linkage 
is expected to be highly orientated as reported prior literature[5, 49]. We therefore posit that the 
alignment between in-backbone anchor sites and adjacent terminal anchoring groups is critically 
important for forming robust in-backbone linkages. To test this hypothesis, we carried out DFT 
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simulations for geometrical analysis of the metal-molecule junction. Indeed, DFT results show that 
favorable in-backbone linkages are formed in structures beginning with a PIP sequence (e.g. 
PIPXX), which is greatly facilitated by a linear alignment between the imidazole anchor and the 
terminal methyl sulfide in a two-electrode STM-BJ configuration (Figure 5.27c). However, for 
structures ending with a PIP sequence (e.g. XXPIP), a robust in-backbone linkage is not formed 
largely because the relative angle between the terminal methyl sulfide and the second anchor site 
is much smaller than 90 degrees. Moreover, octyl side chains on the substituted imidazole group 
also introduce strong steric hinderance in molecular junctions, which further inhibit in-backbone 
linkages.  
Similar results are observed in cases where the in-backboned linkage is formed by a nitro-
substituted pyrrole. In particular, we observe that robust in-backbone linkages are only formed in 
structures ending with a PRP sequence (e.g. XXPRP), wherein alignment between the in-
backbone anchor (nitro-substituted pyrrole) and the terminal anchor (methyl sulfide) is nearly 
linear (Figure 5.27d). This result is consistent with our experimental observation that only 
pentamers with these two sequence characteristics (PIPXX or XXPRP sequence) exhibit two 
well-spaced conductance peaks (Figures 5.27a and 5.27b). In general, we find that the alignment 
between the in-backbone anchor and the terminal anchor is critically important in the formation of 
in-backbone linkages.  
We further note that in-backbone oxazole heterocycles generally do not form robust linkages 
to gold electrodes in our sequence-defined oligomers. Prior work has shown that the electron-
donating ability of a lone electron pair is a key dominant factor for determining coupling 
strength[49]. Due to the strong electronegative character of oxygen, we posit that the nitrogen atom 
in oxazole heterocycle has a relatively weak electron-donating ability compared to the nitrogen 
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atom in imidazole. Such concepts are also familiar from coordination chemistry; for example, the 
reported basicity of oxazole (pKa = 0.8 for the conjugate acid) and imidazole (pKa = 6.9 for the 
conjugate acid) are consistent with our conjecture[139]. Overall, our results on sequence-
controlled conductive pathways are best explained in the context of geometrical directionality and 
local steric hinderance. Together, these results may prove generalizable beyond the chemical 
structures described here and could provide a design framework to understand sequence-effects in 
molecular electronics. 
5.6 Conclusions  
 
In summary, we have demonstrated that the charge transport pathway in conjugated SDOs 
is precisely controlled by primary sequence, which mainly results from sequence-controlled 
electrode-molecule alignment. Using an iterative synthetic approach, the position and 
directionality of three distinct heterocycles (oxazole, imidazole, and nitro-substituted pyrrole) 
are precisely controlled along -conjugated backbones for oligomers ranging in size from 
dimers, trimers, pentamers, and a heptamer. Among 19 SDOs and dozens of control compounds, 
single molecule conductance measurements show that four pentamers with specific sequences 
exhibit two distinct conductance pathways consisting of a high conductance state (ca. 10-3.5 G0) 
and a low conductance state (ca. 10-4-10-5 G0). By extensively studying a series of structural 
analogues coupled with molecular modeling and simulations, we find that the high conductance 
state arises from charge transport through an in-backbone linkage of imidazole or nitro-
substituted pyrrole, whereas the low G conductance state arises from charge transport through 
terminal methyl sulfide anchor groups. The insights provided from NEGF-DFT simulations 
suggest that a linear metal-molecule alignment geometry and minimal steric hinderance between 
the metallic electrode and side chain facilitate the in-backbone linkage through heterocycles. 
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Broadly speaking, the synthesis scheme developed in this work will enhance the capabilities of 
preparing sequence-defined materials with controlled charge transport pathways. In addition, the 
realization of underlying factors such as molecular geometry and steric interactions that are 
regulated by primary sequence will enable new strategic molecular design strategies to build 
materials with sequence-dependent properties.  
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CHAPTER 6  
CHARACTERIZING INTERMOLECULAR INTERACTIONS IN 
REDOX-ACTIVE PYRIDINIUM-BASED MOLECULAR JUNCTIONS 
 
6.1 Introduction 
 
Understanding charge transport through redox-active molecules is of great interest for the 
design of redox flow batteries for grid-level energy storage [140, 141]. Recent work has focused 
on a wide range of redox-active materials including oligomers [142], polymers [143, 144], and 
colloidal particles [145], which are known to exhibit distinct physical and electrochemical 
properties based on chemical composition and size of molecular species. In tandem with bulk 
electrochemical characterization, the charge transport properties of redox-active species have 
recently been studied at the single molecule level [146]. To this end, integrating single molecule 
techniques with bulk electrochemical methods offers a particularly powerful approach for 
understanding fundamental charge transport mechanisms combined with device-scale 
performance.  
In recent years, new methods in single molecule electronics have been used to understand 
intramolecular charge transport [3, 23]. Molecular conductance and stochastic electron transfer 
reaction kinetics in redox-active molecules such as viologen [147], (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl (TEMPO) [148], phenothiazine [149], ferrocene [150], and thiophenylidene [151] 
derivatives were recently investigated, which is generally motivated by the development of 
promising applications in spintronics and molecular electronics. Moreover, prior work has also 
focused on the role of intermolecular interactions on charge transport. In particular, aromatic 
interactions [152, 153], hydrogen bonding [154-156], Lewis acid-base interactions [157], host-
guest interactions [147, 158], and charge transfer complexation [159, 160] have been explored and 
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leveraged to design programmable molecular electronic devices. Despite recent progress, however, 
we still lack a complete understanding of the role of intermolecular interactions on charge transport 
in redox-active molecular junctions. 
In this work, we characterize intermolecular interactions in redox-active pyridinium-based 
molecular junctions. Charge transport through single pyridinium molecules is observed over 
molecular displacements (0.74 ± 0.29 nm) consistent with the neutral control molecule (0.68 ± 
0.17 nm). However, pyridinium-based junctions exhibit charge transport over reduced molecular 
displacements (0.33 ± 0.11 nm) upon increasing the solution concentration of the charged 
pyridinium molecule (10 mM), which is attributed to intermolecular electrostatic repulsions 
between pyridinium molecules in molecular junctions. Strikingly, formation of a host-guest 
complex via addition of a crown ether results in recovery of charge transport over a molecular 
displacement consistent with isolated pyridinium molecules at low solution concentration, which 
suggests that host-guest interactions can be used to shield electrostatic repulsions between cationic 
molecules in molecular junctions. Bulk electrochemical characterization including cyclic 
voltammetry and bulk electrolysis shows that pyridinium molecules exhibit stable redox-active 
properties across a range of experimental conditions. From a broad perspective, these results 
highlight the use of single molecule techniques to characterize the effect of intermolecular 
interactions on charge transport, which may aid in the design of new electrolytes for redox-active 
flow batteries with tunable electronic properties. 
6.2 Experimental 
 
General methods 
Materials. Reagents were purchased from commercial suppliers and used as received unless 
otherwise stated. Dry dimethylformamide (DMF) is obtained from a solvent delivery system (SDS) 
 78 
equipped with activated neutral alumina columns under argon. Column-based chromatography 
was performed on a Biotage Isolera system using Siliasep flash cartridges (Silicycle). 
NMR characterization. 1H and 13C NMR spectra (500 MHz and 125 MHz) were recorded at room 
temperature (298 K). Chemical shifts are reported in δ (ppm) referenced on residual solvent peaks. 
Coupling constants (J) are expressed in Hertz (Hz). Splitting patterns are designated as: s (singlet), 
d (doublet), t (triplet), and m (multiplet). 
Mass spectrometry. High-resolution electrospray ionization (ESI) and electron ionization (EI) 
mass spectra were recorded on a Waters Q-TOF Ultima ESI or Micromass 70-VSE EI spectrometer.  
Chemical synthesis  
1-(4-(methylthio)phenyl)-[4,4'-bipyridin]-1-ium chloride (V1) is synthesized following a 
previously reported procedure [161]. 4-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)pyridine (V2) was 
synthesized using the following protocol. Briefly, 4-bromo-4'-methylthiobiphenyl (500 mg, 1.80 
mmol), 4-Pyridylboronic acid (220 mg, 1.80 mmol), Pd(PPh3)4 (100 mg, 0.18 mmol), K2CO3 (990 
mg, 7.22 mmol), degassed DMF (5.0 mL), and H2O (0.5 mL) were added to a flame-dried flask. 
The reaction was heated to 80°C and proceeded for 2 days. After cooling to room temperature, the 
mixture was poured into water (50 mL), extracted with dichloromethane (25 mL, 3×), and washed 
with water (50 mL) and brine (50 mL). The combined organic layers were dried over anhydrous 
sodium sulfate, filtered, and concentrated under reduced pressure. The product was purified by 
flash chromatography on silica gel with ethyl acetate to yield V2 (120 mg, 24% yield) as a white 
solid. Following synthesis, purified materials were characterized using NMR:   1H NMR (500 MHz, 
chloroform-d) δ 8.70 (d, J = 6.1 Hz, 2H), 7.78-7.69 (m, 4H), 7.63-7.55 (m, 4H), 7.38 (d, J = 8.4 
Hz, 2H), 2.57 (s, 3H). 13C NMR (125 MHz, chloroform-d) δ 150.35, 147.76, 141.29, 138.37, 
136.89, 136.84, 127.46, 127.43, 127.39, 126.91, 121.42, 15.80. HRMS-ESI (m/z): C18H15NS 
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[M+H]+; calculated: 278.1008, found: 278.1003. 
Single molecule conductance measurements 
For single molecule conductance measurements, we used a custom scanning tunneling 
microscope-break junction (STM-BJ) instrument as previously described [15, 19, 151]. Briefly, 
the STM-BJ instrument consists of two working electrodes, such that a gold tip (0.25 mm Au wire, 
99.998%, Alfa Aesar) is repeatedly driven into and out of contact with a gold substrate to form 
(and break) molecular junctions, thereby enabling measurement of conductance in molecular 
junctions. Experiments were performed under a constant applied bias of 250 mV at a tip pulling 
rate of 17 nm/s. Gold substrates were prepared by evaporating 120 nm of gold onto polished atomic 
force microscope (AFM) metal specimen discs (Ted Pella). Conductance measurements were 
carried out in a polar solvent (propylene carbonate). To minimize background ionic current, gold 
tips were coated with Apiezo wax to minimize the exposed contact area in solution [162]. In all 
cases, conductance measurements were performed over large molecular ensembles (5,000-20,000 
individual molecules) for robust statistical analysis. Molecular conductance traces were collected 
and analyzed without data selection.  
Bulk electrochemical characterization 
To make sure V1 stays in the cationic form during the single molecule conductance 
measurement, two-electrode STM-BJ system is also used to perform a cyclic voltammetry on a 
solution of 1 mM V1 and 0.1 M tetrabutylammonium hexafluorophosphate (electrolyte) in 
propylene carbonate at a scan rate of 100 mV/s from -1 to 1 V.  
Bulk electrochemical experiments were conducted insi de an argon-filled glove box, with 
oxygen and water levels strictly controlled at or below 0.1 ppm. Electrochemical measurements 
were performed using a potentiostat CHI760E with a 5 mM concentration of V1 for cyclic 
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voltammetry and 1 mM concentration of V1 for bulk electrolysis in 0.1 M TBAPF6 (supporting 
electrolyte) in propylene carbonate (PC). Voltammetry was carried out using a three-electrode 
configuration with a 1 mm radius Au disk macroelectrode or 12.5 µm radius Pt ultramicroelectrode 
(UME) as the working electrode, a non-aqueous Ag/Ag+ reference electrode (0.1 M AgNO3 in 
acetonitrile as AgNO3 was insoluble in propylene carbonate), and a Pt wire as a counter electrode. 
Potential-controlled bulk electrolysis of a stirred solution was carried out in a three-
compartment W-cell divided by quartz frits (Adams & Chittenden). A carbon felt working 
electrode was placed in the middle compartment, and the two lateral compartments contained a Pt 
mesh counter electrode and the non-aqueous reference electrode. For bulk electrolysis of V1, the 
potential was held at -260 mV from E1/2, and Pt UME voltammograms were obtained before and 
after the electrolysis to confirm complete reduction. 
UV-vis spectroscopy was performed to characterize charged and uncharged species. To 
transfer the charged species from the drybox into the UV-vis spectrophotometer under ambient 
conditions, a UV-vis cuvette containing charged V1• was specially treated to avoid reaction with 
oxygen that can result in V1• discharge. In particular, under a dry argon atmosphere, a UV-vis 
cuvette containing 100 µM solution of charged V1• species was tightly wrapped with multiple 
layers of Teflon tape, followed by two layers of electric tape. The cuvette was further placed into 
a glass jar, which acted as a temporary mobile argon chamber for transporting the sample through 
the ambient atmosphere. Reduced V1• spectra show prominent peaks around 261, 400, and 560 
nm, where the latter two are associated with the reduced form of viologens [142, 163], whereas 
uncharged V1+ displays peaks around 264 and 357 nm. The peaks at 260 and 400 nm are exhibited 
by both species, albeit with different intensities, whereas the peak at 560 nm is exclusive to the 
reduced species.  
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6.3 Results and discussion  
 
We began by measuring the conductance of 1-(4-(methylthio)phenyl)-[4,4’-bipyridin]-1-ium 
chloride (V1) and 4-(4’-(methylthio)-[1,1’-biphenyl]-4-yl)pyridine (V2) using the STM-BJ 
method under ambient conditions (Figure 6.1a). In this way, V1 and V2 were synthesized to 
contain terminal methylthio [19] and pyridine groups [24] as chemical anchors to facilitate robust 
binding to the gold tip and substrate electrodes through lone pair interactions on the sulfur and 
nitrogen atoms in the methyl sulfide and pyridine groups, respectively. Single molecule 
conductance measurements were performed using two different concentrations (1 mM and 10 mM) 
of V1 and V2 in propylene carbonate. In the absence of molecules (pure solvent), the conductance 
is initially observed to decrease in steps as the gold tip is pulled away from the substrate, eventually 
dropping to a level below the detection limit of the instrument. Step-wise decrease in conductance 
in the absence of molecules corresponds multiple integers of the quantum conductance G0 that 
reduce eventually to a single atom with single conductance channel , where G0 = 2e2/h = 77.5 μS, 
e is the electron charge, and h is Planck’s constant.  
Single molecule conductance experiments generally proceed in the following manner. In the 
presence of viologen molecules, a robust molecular junction is formed between the gold tip and 
substrate via the terminal anchor groups. As the tip is pulled away from the substrate, molecular 
conductance is measured under the application of an applied bias. The CV curves indicate that V1 
does not go through an electrochemical activity within the range of the applied bias (0-0.25V) and 
thus remains in the cationic form (Figure S10). In this way, we began by studying the charge 
transport properties of V1. A large fraction of single molecule conductance traces shows a plateau 
between 10-3 - 10-4 G0 , corresponding to charge transport through the pyridinium-based molecular 
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junction (Figure 6.1b). When the tip is pulled further away from the substrate, the molecular 
junction breaks down and the conductance drops below the detection limit of the instrument. Single 
molecule conductance experiments are performed by repeating the process over large molecular  
ensembles to gather robust statistics. In this way, two-dimensional (2D) histograms of conductance 
versus tip displacement are generated over an ensemble of approximately 103 - 104 molecules 
without data selection. 2D conductance histograms for V1 are shown in Figures 6.1c-d for two 
different solution concentrations (1 mM and 10 mM). Interestingly, these results show that 
molecular conductance is measured over characteristic tip-substrate displacements as a function 
 
Figure 6.1. Charge transport in pyridinium-based molecular junctions. (a) Schematic of gold-
molecule-gold junction and molecular structures of V1 and V2. (b) Characteristic single 
molecule conductance traces of V1 (1 mM and 10 mM in propylene carbonate) at 0.25 V bias. 
(c-d) Two-dimensional (2D) conductance histograms for V1 at 1 mM and 10 mM, determined 
over >5,000 traces. 
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of solution concentration of V1. For these experiments, the tip-to-substrate separation is set to zero 
displacement when the metal contact breaks down, and the molecular conductance trajectory ends 
when the junction breaks. In this way, the relative tip-substrate displacement directly corresponds 
to the molecular junction length [126]. 
One-dimensional (1D) conductance histograms can be further constructed from single 
molecule conductance traces and analyzed with a Lorentzian function to determine the average 
molecular conductance. Our results show that the average molecular conductance of V1 is 2.2 x 
10-4 G0 at 10 mM, which is approximately twice the average conductance of V1 at 1 mM (Figure 
6.2a). We conjecture that this relatively small increase in average conductance arises due to 
intermolecular aromatic interactions between the phenyl ring spacer in the molecule, which has 
also been observed in prior work on conjugated aromatic systems [164]. To further analyze the 
conductance behavior, we constructed tip-substrate displacement histograms and determined the 
arithmetic mean displacements (or lengths) of molecular junctions. In particular, mean lengths of 
molecular junctions were calculated by determining the relative distance between tip-substrate 
displacement at a molecular conductance of 0.5 G0 (corresponding to a stretched molecular 
junction) and the conductance corresponding to 10% of the average junction conductance 
calculated from 1D histograms (corresponding to the junction break point) [126]. Using this 
approach, displacement histograms were determined for V1 in 1 mM and 10 mM solutions (Figure 
6.2b). Our results show that at a concentration of 1 mM, molecular junctions based on V1 can be 
stretched to displacements of 0.74 ± 0.29 nm, which is consistent with the non-redox active 
counterpart molecule V2 (Figure 6.3). Moreover, the average length of molecular junctions based 
on V1 remains nearly constant, even at significantly lower concentrations of V1 (0.01 mM) 
(Figure 6.4). Interestingly, we observed the displacement of V2 remains constant at 10 mM 
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concentration (Figure 6.3). However, molecular junction lengths for V1 significantly decreased 
to 0.33 ± 0.11 nm at a concentration of 10 mM. Importantly, the decrease in molecular junction 
length indicates that intermolecular interactions may be affecting conductance measurements due 
to electrostatic charge repulsion. For this analysis, we determined that the criterion for defining 
junction end point rupture does not significantly affect the final displacement results within a range 
of 4% to 20% of the average junction conductance (Figure 6.5). Molecular conductance at end 
points less than 4% of the average junction conductance was disregarded due to proximity to the 
detection limit of the STM-BJ instrument. 
 In general, the intramolecular conductance pathway is not expected to depend on the solution 
concentration of V1 over the relatively small range of 1-10 mM. Also, the surface coverage is 
saturated when the concentration is higher than 1 mM for molecules terminated with methylthio 
and pyridine.[165] From this view, the change in molecular junction length can be explained by 
the variation in junction stability due to intermolecular interactions between V1 molecules in 
solution. We posit that pyridinium-based molecules can be stretched to near full extension in low 
concentration solutions of V1. However, upon increasing the solution concentration of V1, 
Figure 6.2. Molecular conductance and junction displacements for V1. (a) 1D conductance 
histograms for V1 with 1 mM and 10 mM concentrations at 0.25 V bias (>5,000 traces for 
each). (b) Molecular junction displacement distributions for V1 at 1 mM and 10 mM.  
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intermolecular interactions due to electrostatic repulsion between pyridinium cations hinder the 
stretching process in pyridinium molecular junctions. In this way, cationic repulsions in solution 
destabilize the molecular junction, ultimately resulting in junction rupture before stretching to full 
extension.  
 
 
Figure 6.3. Molecular conductance and displacement for V2. (a) 2D conductance histogram for 1 
mM V2 at 0.25 V. (b) 2D conductance histogram for 10 mM V2 at 0.25 V. (c) Normalized 
displacement distribution for 1 mM V2 and 10 mM V2 at 0.25 V bias. 
 
Figure 6.4. Molecular conductance and displacement for V1. (a) 2D conductance histogram for 
0.01 mM V1 at 0.25 V. (b) 1D conductance histogram for 0.01 mM V1 at 0.25 V. (c) Normalized 
displacement distribution for 0.01 mM and 1 mM V1 at 0.25 V bias. 
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Figure 6.5. Effect of junction end point criterion on junction displacement for (a) 1 mM V1 (b) 10 
mM V1 (c) 10 mM V1+10 mM C1 (d) 10 mM V1+10 mM C2. 
 
To test this hypothesis, we utilized host-guest chemistry to minimize electrostatic repulsions 
between pyridinium cations in solution. The supramolecular chemistry enabled by crown ether-
based host-guest systems has attracted substantial attention because of potential applications in 
developing molecular devices and functional supramolecular materials [166]. Host-guest 
complexes form when a cationic guest molecule binds to a neutral host molecule such as crown 
ether through non-covalent interactions [158, 167]. Previous studies have shown that the stable 1:1 
host-guest inclusion complexes can be formed and stabilized between benzene-substituted crown 
ethers and electron-deficient pyridinium cations through both π-π and cation-π interactions [168]. 
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UV-vis spectra of V1 with or without C1 and C2 were recorded. With the addition of C1 and C2, 
there is a small shift of the absorption peak of the absorption band from 264 nm to 261 nm and a 
decrease in molar absorptivity. This decrease in absorption peak is consistent with reported results 
for other pyridinium-based host-guest systems and has been used as evidence for the formation of 
host-guest complexes.[169] In this way, we pursued a similar host-guest molecular system to 
shield the positively charged pyridinium cations in V1 molecular junctions. Remarkably, our 
results show that formation of host-guest complexes minimize intermolecular charge repulsions, 
thereby recovering fully stretched molecular junctions in 10 mM concentration solutions of V1 
(Figure 6.6b).  
 
Figure 6.6. Molecular conductance and displacement of pyridinium-crown ether complex. (a) 
Schematic of shielded charge repulsion in molecular junction through complex formation 
between pyridinium (V1) and crown ether (C1, C2). (b) Average molecular displacement at 
different conditions of V1 and crown ether. (c-d) Two-dimensional (2D) conductance 
histograms for 10 mM V1 with 10 mM C1 and 10 mM C2 at 0.25 V bias.  
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Host-guest molecular conductance experiments were performed by adding 10 mM of dibenzo-
24-crown-8 (C1) into 10 mM solutions of V1, followed by direct measurement of molecular 
conductance using the STM-BJ instrument. Our results show a that host-guest complexes of 
C1+V1 exhibit high levels of molecular conductance over junction lengths of 0.67 ± 0.19 nm, 
which corresponds to junction lengths of V1 in low concentrations. Interestingly, the average 
molecular conductance for C1+V1 host-guest complexes was equivalent to the conductance of V1 
at 10 mM solution concentration (Figures 6.6c and Figure 6.7). Moreover, we found that the size 
of the macrocycle cavity did not generally influence the screening of electrostatic repulsions 
between cations in solution. In particular, host-guest complexes between V1 and larger size crown 
ethers such as dibenzo-30-crown-10 (C2), we found that molecular junctions achieved the same 
junction length (0.70 ± 0.19 nm) compared to the smaller size crown ether C1 (Figure 6.6d). In 
general, our results show that host-guest complex formation is capable of screening intermolecular 
cationic repulsions between nearby pyridinium molecules, thereby yielding similar junction 
lengths for host-guest complexes in high concentration (10 mM) compared to isolated V1 
molecules in low concentration (1 mM) solutions. Also, there is no stable junction formation in 
crown ether solutions (Figure 6.8) and we did not observe displacement differences by adding 10 
mM C1 or C2 into 10 mM neutral V2 solutions (Figure 6.9). Overall, these findings are consistent 
with our hypothesis intermolecular repulsions induce junction instabilities during molecular 
stretching.  
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Figure 6.7. 1D conductance histogram for 10 mM V1 with 10 mM C1 and 10 mM C2 at 0.25 V 
bias 
 
Figure 6.8. Molecular conductance for crown ether C1 and C2 at 0.25 V bias 
 
 
 
Figure 6.9. Molecular conductance for V2 with crown ether. (a) 2D conductance histogram for 10 
mM V2 with 10 mM C1 at 0.25 V. (b) 2D conductance histogram for 10 mM V2 with 10 mM C2 
at 0.25 V. (c) 1D conductance histogram for 10 mM V2 with crown ether. 
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In order to assess if the obtained STM-BJ experiments were affected by the stability of V1’s 
redox states, we performed a series of bulk electrochemical experiments. Figure 6.10a shows a 
cyclic voltammogram for a 5 mM solution of V1 in 0.1 M TBAPF6 in propylene carbonate at a 
scan rate of 5 mV/s on a Au disk macroelectrode (2 mm radius) under an argon atmosphere. The 
electrochemical response of V1 at low scan rates demonstrates a reversible reduction of V1+ to 
V1•, centered at -1.14 V versus Ag/Ag+, with peak current ratios near unity. Scan-rate dependent 
CV experiments in Figure 6.11 showed linearity of the peak current vs. square root of scan rate, 
indicating diffusional control of V1’s reactivity at the electrode. Bulk electrolysis and UV-vis 
spectroscopy characterization of both the initial and reduced species, are shown in Figure 6.10b 
and Figure 6.12. Here, a 1 mM solution of V1 was electrolyzed at an overpotential of -1.4 V versus 
Ag/Ag+ to the state of charge of 1.0, where the charging current dropped to less than 1% of the 
initial current. A change in color from clear pale yellow to clear burgundy was observed as the 
 
Figure 6.10. Bulk electrochemical characterization of pyridinium-based molecule V1. (a) 
cyclic voltammogram for a 5 mM solution of V1 in 0.1 M TBAPF6 in propylene carbonate at 
a scan rate of 5 mV/s on a Au disk macroelectrode (2 mm radius) under an argon atmosphere. 
(b) Bulk electrolysis characterization of the initial V1 and reduced species V1•.  
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solution was charging (Figure 6.10b). In order to assess the extent of V1 charging in solution, 
cyclic voltammograms using platinum ultramicroelectrode (UME) were obtained prior to charging 
and immediately following the charging process, as shown in Figure 6.10b. UME voltammetric 
waves for both uncharged and charged species exhibit a sigmoidal shape and generally achieve a 
steady-state current, as expected for a facile charge transfer at the microelectrode. The UME 
voltammograms reveal that the charged species produces nearly equal amounts of steady-state 
current compared to the uncharged species, further demonstrating that V1 does not undergo 
decomposition while charging, and thus, unlikely during STM-BJ experiments.  
 
 
Figure 6.11. Scan-rate dependence of V1 on: (a) Au macroelectrode (area of 0.03 cm2); (b) Pt 
macroelectrode (area of 0.03 cm2); (c) glassy carbon macroelectrode (area of 0.07 cm2). (d) 
Randles–Sevcik analysis of peak currents from (a). All conditions were 5 mM V1 in 0.1 M TBAPF6, 
propylene carbonate. Scan-rate dependent experiments were performed using a polypyrrole quasi 
reference electrode to prevent any current contribution from silver nitrate in the Ag/Ag+ electrode. 
Pt wire was coated with partially oxidized polypyrrole, and the quasi reference electrode was 
stored in a glass tube containing 0.1 M TBAPF6 in PC, fitted with a frit at one end.  
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Figure 6.12. UV-vis spectrum of initial V1 and reduced species V1• 
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6.4 Conclusions  
 
In summary, we use single molecule techniques to characterize intermolecular interactions in 
redox-active pyridinium-based molecular junctions. We observe that the molecular displacement 
through different concentrations of pyridinium molecules exhibits strikingly large differences 
compared to neutral control molecules. Addition of crown ethers induces formation of host-guest 
complexes and screens charge repulsion, thereby resulting in conductance measured over 
molecular displacements consistent with the full length molecules. Taken together, these results 
show that intermolecular interactions play an essential role in charge transport of molecular 
junctions. Bulk electrochemical experiments including cyclic voltammetry and electrolysis clearly 
demonstrate that the pyridinium molecules exhibit stable and reversible redox-active properties.  
Recently, several studies have shown that redox-active molecules exhibit characteristic 
molecular conductance signatures as a function of the redox state. From this view, application of 
external gate voltage can be used to tune the redox state of a molecular junction, thereby serving 
as an efficient molecular switch for modulating charge transport [149, 151]. Pyridinium molecules 
with stable and reversible redox-active properties are capable to change redox states under various 
external gate voltages. Our results suggest that pyridinium-based molecules could be used in the 
design and development tunable redox-active materials or switchable molecular electronics. 
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CHAPTER 7  
SINGLE MOLECULE STUDIES OF THERMORESPONSIVE 
BIOHYBRID POLYMERS 
 
7.1 Introduction 
 
The chemical composition of long chain macromolecules plays a key role in determining the 
emergent physical and structural properties of polymeric systems. Copolymers and block polymers 
with simple linear chain architectures can give rise to intricate structural ordering and assembly 
across multiple length scales.[170, 171] In addition to chemical identity, polymer chain 
architecture also plays a key role in supramolecular assembly, with chain topologies and shapes 
including linear, branched, ring, and cross-linked polymers.[172] Synthetic strategies for 
controlling polymer composition and architecture have been used to develop materials for 
applications including encapsulation for drug delivery,[173] gene delivery,[174] catalysis,[175] 
and surfactants for emulsion stabilization.[176]  
In recent years, biohybrid materials containing both synthetic and natural components have 
been developed, which has provided intriguing new materials with increased biocompatibility, 
controlled biodegradation, broad chemical functionality, and unprecedented levels of sequence 
control.[22, 177-179] In particular, DNA copolymers[180-184] have been shown to self-assemble 
into various supramolecular architectures such as micelles,[184] vesicles,[185] and tubular 
structures.[186] Despite recent work, however, we still lack a full understanding of the effects of 
chemistry, architecture, and hydrophilicity/hydrophobicity on the conformational dynamics of 
DNA-based copolymers.  
Single molecule techniques offer an ideal strategy to directly study the conformational 
dynamics of macromolecules.[187-189] In recent years, DNA has served as a model polymer for 
fundamental studies of non-equilibrium polymer dynamics ranging from dilute to entangled 
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polymer solutions.[190-195] However, the vast majority of prior single polymer studies has largely 
focused on dynamic studies of chemically homogenous, linear DNA. Recent work has extended 
the field of single polymer dynamics to chains with non-linear architectures including ring 
polymers and comb polymers,[188, 192, 193, 196] though these macromolecules generally consist 
of natural DNA. On the other hand, molecular assembly of DNA-based materials has been broadly 
studied using bulk spectroscopic methods. [183] However, the conformational dynamics of 
chemically heterogeneous copolymers has not yet been fully explored at the single molecule level. 
From this view, development of new methods to direct image he triggered response or assembly 
of functional copolymers at the single molecule level would provide new insights into the 
molecular dynamics of these materials. For example, direct imaging of the thermally activated 
response of DNA-PNIPAM copolymers at the single chain level could reveal molecular 
distributions and unexpected heterogeneous behavior, thereby providing new information beyond 
traditional bulk cloud poit measurements.  
In this work, we report the synthesis and direct observation of thermo-responsive DNA 
copolymers consisting of a main chain DNA backbone with grafted poly(N-isopropylacrylamide) 
(PNIPAM) side branches. PNIPAM is a thermo-responsive polymer exhibiting a reversible 
hydrophilic to hydrophobic transition when the temperature is raised above the lower critical 
solution temperature or LCST (32 C).[197, 198] From this perspective, PNIPAM is a suitable 
material to generate DNA copolymers with temperature-sensitive properties near or slightly above 
room temperature. Following synthesis and characterization, single molecule fluorescence 
microscopy is used to observe the conformational stretching and relaxation dynamics of single 
DNA-PNIPAM copolymers both below and above the LCST of PNIPAM. Our results show that 
the hydrophilic-hydrophobic transition for PNIPAM side branches results in enhanced 
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intramolecular interactions leading to dynamic heterogeneity in single polymer behavior. In 
particular, experiments reveal broadly distributed probabilities of polymer chain extension above 
the LCST and altered conformational relaxation dynamics due to PNIPAM side branches. Taken 
together, these results demonstrate the utility of studying the dynamics of biohybrid copolymers 
using single molecule imaging. 
 
7.2 Synthesis of thermoresponsive biohybrid polymers  
 
We began by synthesizing thermo-responsive DNA copolymers via strain-promoted [3+2] 
alkyne-azide cycloaddition (SPAAC) (Figure 7.1). Azide-terminated PNIPAM was synthesized by 
reversible addition-fragmentation chain transfer (RAFT) polymerization using a chain transfer 
agent (CTA) containing a terminal azide group. Using this approach, two samples of azide-
terminated PNIPAM were synthesized with different molecular weights (Mn = 13 kDa  (PDI = 1.03) 
and 30 kDa  (PDI = 1.01) , characterized by gel permeation chromatography). In a separate reaction, 
DNA molecules containing non-natural nucleotides (dibenzocyclooctyne-dUTP, DBCO-dUTP) 
were synthesized using polymerase chain reaction (PCR), which allows for the preparation of 
perfectly monodisperse DNA backbones (10 or 30 kbp). During PCR, DBCO loading was 
 
 
Figure 7.1: Synthesis of DNA-PNIPAM copolymers. 
 
 97 
controlled by varying the ratio of natural dTTP to non-natural DBCO-dUTP in the reaction mixture 
(Tables 7.1 and 7.2). Moreover, a single biotin group was included at one DNA terminus using a 
chemically-modified PCR primer, which allows for surface tethering of DNA-PNIPAM 
copolymers via biotin-streptavidin interactions for single molecule imaging. 
Following PCR, azide-terminated PNIPAM branches were covalently linked to DNA 
backbones using a graft-onto reaction via SPAAC. Branch density is controlled by varying the 
amount of DBCO incorporation in DNA backbones, with a 1% incorporation of DBCO-dUTP (1% 
dTTP replaced with DBCO-dUTP) yielding a relatively low branch loading (one branch per 400 
base pairs) and a 10% incorporation of DBCO-dUTP yielding a higher branch loading (one branch 
per 40 base pairs). Following the copper-free click reaction, DNA-PNIPAM copolymers were 
purified using a microspin centrifuge column (100 kDa MWCO) and characterized using agarose 
gel electrophoresis (Figures 7.2). In all cases, the electrophoretic mobility of 10 kbp natural DNA 
is similar to DBCO-DNA (with 1% and 10% of dTTP replaced with DBCO-dUTP). However, 
branched DNA-PNIPAM copolymers show a substantial decrease in electrophoretic mobility. 
These results are consistent with prior work showing reduced electrophoretic mobility for 
chemically homogeneous branched DNA such as comb-shaped or star-shaped DNA in agarose gel 
networks.[199] 
 
 
Table 7.1: DNA oligonucleotide sequences for PCR 
   
Primer 
name 
Target 
length 
Sequence (5’ to 3’) Modification 
bb-F-
biotin 
n/a 5’ biotin / 
CTGATGAGTTCGTGTCCGTACAACTGGCGTAATC 
5’-biotin 
bb-F n/a CTGATGAGTTCGTGTCCGTACAACTGGCGTAATC None 
10R 10052 bp ATACGCTGTATTCAGCAACACCGTCAGGAACACG None 
30R 30052 bp GAAAGTTATCGCTAGTCAGTGGCCTGAAGAGACG None 
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Table 7.2: PCR parameters 
 
Reaction composition PCR step 10 kbp 30 kbp 
50 uL per reaction 
1X Tuning buffer with Mg2+ 
0.4 uL PCR Extender Polymerase Mix  
400 nM BackboneF primer 
400 nM 10R, or 30R primer 
20 ng λ-DNA 
500 uM dATP, dCTP, dGTP, dTTP* 
Initial denaturation 93 °C / 3 min 93 °C / 3 min 
Denaturation 93 °C / 15 sec 93 °C / 15 sec 
Anneal 62 °C / 30 sec 62 °C / 30 sec 
Extension 68 °C / 8 min 68 °C / 20 min 
# cycles constant 10 10 
# cycles ramping 8 8 
Increase per cycle +20 sec +20 sec 
*dTTP was substituted with DBCO-dUTP according to branch loading from 1% to 10%.  
 
7.3 Self-assembly of thermoresponsive biohybrid polymers 
 
Following synthesis, we studied the self-assembly behavior of DNA-PNIPAM copolymers as 
a function of temperature. DNA-PNIPAM copolymers were exchanged into an aqueous buffer (10 
mM Tris/Tris-HCl, pH 8.0, 1 mM EDTA, and 300 mM NaCl), and the LCST of DNA-PNIPAM 
was found to be 30 C (Figure 7.3), which is consistent with prior work.[197] Reaction products 
were then dried onto solid surfaces at 45 C, significantly above the LCST of PNIPAM, followed 
by characterization using scanning electron microscopy (SEM) (Figure 7.4). Interestingly, SEM 
images show self-assembled structures for DNA-PNIPAM copolymers on the order of a few 
 
Figure 7.2: Agarose gel electrophoresis of DNA-PNIPAM copolymers and precursors. Lane 
1: 1 kbp DNA ladder, Lane 2: 10 kbp natural DNA, Lane 3: 10 kbp DBCO-DNA with 1% 
DBCO substitution, Lane 4: 10 kbp natural DNA with 13 kDa PNIPAM-azide, Lane 5: 10 
kbp DBCO-DNA with 13 kDa PNIPAM-azide (after reaction), Lane 6: 13 kDa PNIPAM-
azide, Lane 7: 10 kbp DBCO-DNA with 13 kDa PNIPAM-azide (before reaction).   
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microns which agrees with dynamic light-scattering (DLS) experiments (Figure 7.3 and Figure 
7.4), whereas SEM images for control samples of DBCO-DNA and PNIPAM-azide showed much 
smaller structures on the order of 200 nm and 50 nm, as shown in Figures 7.4a and 7.4b, 
respectively. In addition, SEM images of 10 kbp natural DNA mixed with PNIPAM-azide (Figure 
7.4c) appear similar to SEM images of 10 kbp DNA.[200] These results suggest that copolymer 
assembly only occurs when DNA-PNIPAM is treated above the LCST, but not in the cases of 
DBCO-DNA or natural DNA mixed with PNIPAM-azide. 
 
Figure 7.3: Synthesis and chemical characterization of PNIPAM-azide. (a) Synthetic scheme for 
the synthesis of PNIPAM-azide using RAFT, (b) gel permeation chromatography (GPC) traces for 
PNIPAM-azide of 13 kDa and 30 kDa molecular weights (Mn) (solvent dimethylformamide, DMF), 
(c) infrared spectroscopy absorption spectra for PNIPAM-azide (13 kDa and 30 kDa), (d) 
temperature dependence of optical transmittance obtained for 1.0 g/L aqueous solution of 
PNIPAM-azide in buffer (10 mM Tris/Tris-HCl, pH 8.0, 1 mM EDTA, and 300 mM NaCl). An 
abrupt decrease in transmittance at 30 oC is indicative of the lower critical solution temperature 
(LCST) for PNIPAM. (e) dynamic light scattering obtained for 10 kbp DNA-PNIPAM (13 kDa 
PNIPAM branches) at 25 oC and 40 oC in buffer (10 mM Tris/Tris-HCl, pH 8.0, 1 mM EDTA, and 
300 mM NaCl).  
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7.4 Direct visualization of thermoresponsive biohybrid polymers 
 
We next used single molecule fluorescence microscopy to study the effects of temperature, 
PNIPAM branch density, and branch molecular weight on the stretching and relaxation dynamics 
of thermo-responsive DNA copolymers (Figure 7.5). In these experiments, DNA-PNIPAM 
copolymers are immobilized on a PEG/PEG-biotin glass coverslip surface in a microfluidic flow 
cell via specific biotin-NeutrAvidin interactions[201] (Figure 7.5a), thereby generating a field of 
end- tethered DNA-PNIPAM copolymers on a passivated surface. Surface-tethered polymer chains 
are stretched to high degrees of extension in a simple shear flow using pressure-driven flow, 
achieving a fractional chain extension x/L ≈ 0.75 at high flow strengths (Wi  100), where Wi is a 
dimensionless flow strength known as the Weissenberg number.[202] For polymer stretching 
experiments in this work, Weissenberg number is defined as 𝑊𝑖 = 𝜏?̇? , where 𝜏 is the longest 
 
Figure 7.4: Representative SEM images of DNA-PNIPAM copolymers and precursors 
following drying at 45 oC. (a) DBCO-DNA (10 kbp), (b) PNIPAM-azide (13 kDa), (c) natural 
DNA (10 kbp) with PNIPAM-azide (13 kDa), (d) DNA-PNIPAM copolymers (10 kbp 
backbone with 1 % DBCO substitution, 13 kDa PNIPAM branches).  
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relaxation time of the natural DNA polymer backbone and ?̇? is the shear rate. DNA copolymer 
stretching experiments are performed in an aqueous buffer (10 mM Tris/Tris-HCl, pH 8.0, 1 mM 
EDTA, and 5 mM NaCl) containing an intercalating dye (SYTOX Green), which enables direct 
imaging of DNA backbones using fluorescence microscopy.  
Using this approach, we studied the effect of temperature on the stretched length distribution 
of 10 kbp DNA-PNIPAM copolymers (13 kDa PNIPAM) with 1% DBCO substitution (low branch 
loading) (Figure 7.5b and 7.5c). In this experiment, shear flow was used to stretch surface-
tethered DNA-PNIPAM copolymers at 25 C (corresponding to Wi  100 for the natural DNA 
backbone), followed by heating the microfluidic device from 25 C to 40 C under no flow 
conditions. Next, the stretched length distribution of DNA-PNIPAM copolymers was again 
determined in the presence of shear flow at a temperature (40 C) above the LCST of PNIPAM. 
Finally, the microfluidic device was cooled to 25 C in the absence of flow, and the stretched length 
distribution was again observed at 25 C. For each case, stretched length distributions are obtained 
over at least 100 molecules. 
Single molecule images of 10 kbp natural DNA and 10 kbp DNA-PNIPAM (13 kDa PNIPAM 
branches) copolymers at 25 C and 40 C are shown in Figure 7.5b. Image analysis is used to 
measure the stretched lengths of DNA and DNA-PNIPAM copolymers in flow, and the stretched 
length distributions are shown in Figure 7.5c and Table 7.3. Here, the theoretical contour length 
for fluorescently labeled 10 kbp DNA is 4.3 m. Initially, the average stretched extension of 10 
kbp DNA-PNIPAM is 3.0±0.6 μm at 25 C. Upon heating the sample to 40 C, DNA-PNIPAM 
copolymers collapse and show much smaller stretched lengths in shear flow with an average size 
of 2.1±0.7 μm. Finally, upon cooling the microfluidic device to 25 C, the DNA-PNIPAM 
copolymers return to an extended conformation in flow with an average polymer extension of 
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3.1±0.6 μm. On the other hand, 10 kbp natural DNA exhibits no appreciable changes in average 
stretched length with temperature, with an average extension of 3.3±0.2 μm during temperature 
transitions. These results suggest that PNIPAM side branches transition from hydrophilic to 
hydrophobic when the temperature is raised above the LCST, thereby resulting in chain collapse 
of the DNA-PNIPAM copolymers at 40 C. 
In a second set of experiments, we studied the effect of branch density on the DNA-PNIPAM 
copolymer length distribution (Figure 7.5d and Table 7.3). For these experiments, the stretched 
length distributions of 10 kbp DNA-PNIPAM samples (13 kDa PNIPAM) with low branch 
loadings (1% DBCO-dUTP) and high branch loadings (10% DBCO-dUTP) were determined in 
shear flow at 25 C and 40 C. In general, our results show that samples with higher branch 
densities exhibit larger degrees of intramolecular collapse to shorter size upon increasing 
temperature to 40 C. These results are consistent with the notion that higher levels of PNIPAM 
side branches induce stronger degrees of intramolecular hydrophobicity when the temperature is 
raised above the LCST. We further studied the effect of PNIPAM branch molecular weight on 
stretched length distribution of DNA copolymers in flow (Figure 7.5e and Table 7.3). For these 
experiments, we focused on DNA-PNIPAM with 1% substitution containing PNIPAM side 
branches with a molecular weight of 13 kDa or 30 kDa. Single molecule experiments show that 
stretched length distributions for DNA-PNIPAM copolymers are shifted to slightly smaller sizes 
using increasing the PNIPAM molecular weight, which is again consistent with the hypothesis that 
larger PNIPAM sizes result in stronger intramolecular hydrophobicity interactions for 
temperatures above the LCST. 
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Table 7.3: Average end-to-end distance of surface-tethered 10 kbp DNA-PNIPAM copolymers 
stretched in shear flow 
 
Primer name Branch 
loading  
(% DBCO 
substitution) 
Branch 
molecular 
weight (kDa) 
Temperature (°C) Average 
extension 
(m) 
Standard 
deviation of 
extension 
(m) 
DNA 0 0 25 3.3 0.3 
DNA 0 0 40 3.3 0.2 
DNA 0 0 25 (back) 3.4 0.3 
DNA-PNIPAM 1 13 25 3.0 0.6 
DNA-PNIPAM 1 13 40 2.1 0.7 
DNA-PNIPAM 1 13 25 (back) 3.1 0.6 
DNA-PNIPAM 10 13 25 2.1 0.6 
DNA-PNIPAM 10 13 40 1.2 1.2 
DNA-PNIPAM 1 30 25  3.1 0.3 
DNA-PNIPAM 1 30 40 1.9 0.5 
 
 
 
  
 
Figure 7.5: Single molecule imaging of surface-tethered DNA-PNIPAM copolymers 
stretched in shear flow. (a) Schematic of experimental setup showing microfluidic flow cell 
and surface-tethered DNA-PNIPAM copolymers. (b) Series of single molecule images of 
surface-tethered DNA-PNIPAM copolymers (10 kbp DNA backbones, 1% DBCO, 13 kDa 
PNIPAM branches) and DNA polymers (10 kbp DNA backbones) stretched in shear flow. 
DNA backbones are labeled with SYTOX Green. Scale bar: 5 μm. (c)-(e) Histograms 
showing probability of DNA backbone extension for tethered chains stretched in shear flow 
(minimum of N=100 molecules in each histogram), showing (c) the effect of temperature, 
(d) branch density, and (e) PNIPAM branch molecular weight. Experiments in (c) and (e) 
are performed with low PNIPAM branching (10 kbp DNA backbones, 1% DBCO), whereas 
experiments in (d) are performed with low PNIPAM branching (10 kbp DNA, 1% DBCO, 
13 kDa PNIPAM branches ) and high branching (10 kbp DNA, 10% DBCO, 13 kDa 
PNIPAM branches). 
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We next used single molecule fluorescence microscopy to study the conformational relaxation 
dynamics of surface-tethered thermo-responsive DNA copolymers (Figure 7.6). In this experiment, 
surface-immobilized polymers were first stretched to high degrees of extension in flow, followed 
by abrupt cessation of fluid flow. Single polymer chains are then allowed to relax back to a 
thermally equilibrated state, and the relaxation trajectories of single chains are observed. In this 
experiment, we determined the effect of temperature on the conformational relaxation dynamics 
of DNA-PNIPAM copolymers. Here, we focus on DNA-PNIPAM with 30 kbp DNA backbones 
with 1% substitution with 13 kDa PNIPAM. Polymer relaxation is studied above and below the 
 
Figure 7.6: Longest relaxation time of surface-tethered DNA-PNIPAM and DNA polymers as 
a function of temperature. (a) Time-lapse images showing relaxation of a single DNA-PNIPAM 
copolymer (30 kbp DNA backbone) at 25 oC after the cessation of shear flow. Time between 
snapshots is 0.25 sec. (b) Ensemble averaged relaxation trajectories of single DNA-PNIPAM 
copolymers and DNA polymers. (minimum of N=20 molecules in each ensemble). (c) Longest 
relaxation time distribution of single DNA-PNIPAM copolymers and DNA polymers (30 kbp 
DNA backbone, minimum of N=20 molecules in each ensemble). 
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LCST (25 C and 35 C, respectively). Interestingly, we found that >70% of DNA-PNIPAM 
polymers (30 kbp DNA with 13 kDa PNIPAM branches) stretch to >80% of the theoretical contour 
length at 35 C, which allows for direct measurement of polymer relaxation trajectories. However, 
chain extension is greatly inhibited at 40 C, such that only <10% of polymer chains stretch to 80% 
of the theoretical contour length in tethered shear flow at 40 C. For these reasons, we performed 
polymer relaxation experiments at 35 C, which allows for quantification of polymer relaxation 
over a large ensemble of molecules. 
A series of time-lapse images of a single DNA-PNIPAM copolymer relaxing from high 
extension is shown in Figure 7.6a. Transient single polymer relaxation data is analyzed to 
determine fractional extension of the polymer backbone (x/L) by normalizing the dimensional 
chain extension x with the backbone contour length (L ≈ 13.6 m for 30 kbp DNA). This 
experiment is performed over a large molecular ensemble (N > 20), thereby enabling determination 
of the longest relaxation time of each sample by fitting average relaxation data over the regime 
0.14 < x/L < 0.30 to a Rouse-inspired single exponential decay: (x/L)2 = a exp(-t/) + b, where t is 
time,  is the longest relaxation time of the polymer, and a and b are fitting constants.[203, 204] 
In this way, we determine the longest relaxation time for DNA (DNA, 25C = 0.45  0.11 s, DNA,35C 
= 0.42  0.14 s) and DNA-PNIPAM (DNA-PNIPAM, 25C = 0.36  0.08 s, DNA-PNIPAM, 35C = 0.27  0.09 
s), respectively (Figure 7.6b and Figure 7.6c). However, we note that these experiments are 
performed in an aqueous buffer (10 mM Tris/Tris-HCl, pH 8.0, 1 mM EDTA, and 5 mM NaCl) 
that exhibits a temperature-dependent viscosity. In order to isolate the effects of changes in longest 
polymer relaxation time due to hydrophilic/hydrophobic interactions of PNIPAM, we rescale the 
longest relaxation times with solvent viscosity at a given temperature. In this way, we determine a 
normalized longest relaxation time for DNA and DNA-PNIPAM that arises due to PNIPAM 
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hydrophobic interactions. In particular, we find DNA, 25C = 0.32  0.08 s/cP, DNA,35C = 0.33  0.11 
s/cP for natural DNA and DNA-PNIPAM, 25C = 0.26  0.06 s/cP, DNA-PNIPAM, 35C = 0.21  0.07 s/cP for 
DNA-PNIPAM copolymers, respectively. These results show that the PNIPAM side branches have 
a direct impact on polymer relaxation. DNA-PNIPAM copolymers relax faster due to PNIPAM 
intramolecular interactions compared to natural DNA without PNIPAM side branches above the 
LCST. 
7.5 Conclusions 
 
In this letter, we report the direct observation of DNA-PNIPAM copolymer dynamics using 
single molecule techniques. Thermo-responsive DNA-PNIPAM copolymers are synthesized via 
copper-free click chemistry, and single molecule imaging is used to study the effect of PNIPAM 
branches the stretched length distribution of surface-tethered polymers in shear flow and the 
conformational relaxation dynamics following cessation of flow. From a broad perspective, our 
results show that DNA-PNIPAM copolymers show a broad degree of dynamic heterogeneity in 
relaxation and steady stretching dynamics due to the presence of PNIPAM side branches, in 
particular above the LCST. We observe that higher branch densities and higher branch molecular 
weights tend to induce polymer collapse for temperatures above the LCST. To our knowledge, this 
work is one of the first studies to extend single molecule imaging to DNA copolymers, with a 
particular emphasis on heterogeneous chain dynamics. Future work aimed at direct observation of 
hierarchical assembly of DNA-based copolymers and transient stretching dynamics for chemically 
and/or topologically complex polymeric materials such as stimuli-responsive systems holds the 
potential to provide new molecular insights into dynamic supramolecular assembly processes and 
new design to serve as drug and gene delivery carriers.  
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